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THE COMBINATORIAL SYNTHESIS OF NOVEL MATERIALS 

This application is a continuation-in-pait of Serial No. 08/327,513, filed 
October 18, 1994, the teachings of which are hereby incorporated by refinence for all 
purposes. 

STATEMENT OF GOVERNMENT INTEREST 
This invention was made with Government support pursuant to Contract 
No. DE-AC03-76SF00098 awarded by the Department of Energy. The Government has 
certain rights in this invention. 

FIELD OF THE INVENTION 
The present invention genmlly relates to methods and apparatus for the 
parallel dqposition, synthesis and screening of an array of diverse materials at known 
locations on a single substrate surface. The invention can be applied, for example, to > 
prqiare covalent network solids, ionic solids and molecular solids. More speciifically, 
the invention can be applied to prepare inorganic materials, intermetallic materials, metal 
alloys, ceramic materials, organic materials, organometallic materials, non-biological 
organic polymers, composite materials (e.£., inorganic composites, organic composites, 
or combinations thereof), e/c. Once prepared, these materials can be screened in parallel 
for useful prop^es including, for example, electrical, thermal, mechanical, 
nooiphological, optical, magnetic, chemical, and other properties. 

BACKGROUND OF THE INVENTION 
The discovery of new materials with novel chemical and physical 
properties oftoi leads to the development of new and usefiil technolo^es. Currently, 
there is a tremendous amount of activity in the discovery and oj^mization of materials, 
sudi as superconductors, zeolites, magnetic materials, phosphors, nonlinear optical 
materials, thermoelectric materials and high and low dielectric materials. Unfortunately, 
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even though the chemistry of extended solids has been extensively explored, few general 
principles have em^ged that allow one to predict with certainty the composition, 
structure and reaction pathways for the synthesis of such solid state compounds. 
Moreover, it is difficult to predict a priori the physical properties a particular three 
5 dimensicmal structure will possess. Consider, for example, the synthesis of the 
YBajCujO,^ superconductor in 1987. Soon after the discovery of the I^^r^CuOi 
superconductor, which adopts the K3NIF4 structure (Bednorz, LG. and K.A. MuUer, Z. 
Phy. B 64:IS9 (1986), it was observed that the application of pressure increased the 
transition temp^ature (Chu, es al, Phys. Rev. Lett. 5S:405 (1987)). As such, Chu, et 

10 dL attempted to synthesize a Y-Ba-Cu-O compound of the same stoichiometry in die 

hope that substitution of the smaller element, i.e., yttrium, for lanthanum would have the 
same effect. Although they found superconductivity above 93K, no phase with K2NiF4 
structure was observed (Wu, et al., Phys. Rev. Utt. 58:908 (1987)). Even for the 
relatively simple intermetallic compounds, such as the binary compounds of nickel and 

15 zirconium (NijZr, Ni,Zrj, NijZr, NiaZr,, Ni|oZr7, Ni„Zr„ NiZr and NiZr,), it is not yet 
understood why only certain stdchiometries occur. 

Clearly, the preparation of new materials with novel chemical and physical 
properties is at best happenstance with our current level of understanding. Consequently, 
the discovery of new materials dqiends largely on the ability to synthesize and analyze 

20 new compounds. Given approximately 100 elements in the periodic table which can be 
used to make compositions conasting of tiiree, four, five, six or more elements, the 
universe of possible new compounds remains largely unexplored. As such, there exists a 
need in the art for a more efficient, economical and systematic s4>proach for the synthesis 
of novd materials and for the screening of such materials for useful pnq)erties. 

23 One of the processes whereby nature produces molecules having novel 

functions involves the generation of large collections (libraries) of molecules and the 
systematic screening of those collections for molecules having a desired property. An 
example of such a process is the humoral immune system which in a matter of weeks 
sorts through some 10'^ antibody molecules to find one which qiecifically bmds a fordgn 

30 pathogen (Nisonoff, eiQl.,The Antibody Molecule (Academic Press, New York, 1975)). 
This nodon of generating and screening large libraries of molecules has recently been 
applied to the drug discovery process. The discovery of new drugs can be likened to the 
process of finding a key which fits a lock f unknown structure. One solution to the 
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problem is to simply produce and test a large number of different keys in the hope that 
one will fit the lock. 

Using this logic, methods have been developed for the synthesis and 
screoiing of laige libraries (up to 10^^ molecules) of pqjtides^ oligonucleotides and other 
S small molecules. Geysen, et al., for example, have developed a method wherein peptide 
syntheses are carried out in paralld on several rods or pins (see, 7. Immm. 
Meth. 102:259-274 (1987), incorporated herein by reference for all purposes). 
Generally, the Geysen, et al. method involves functionalizing the termini of polymeric 
rods and sequentially immersing the termini in solutions of individual amino acids. In 

10 addition to the Geysen, et al. method, techniques have recently been introduced for 
synthesizing large arrays of different peptides and other polymers on solid surfaces. 
Pirrung, et al., have developed a technique for generating arrays of peptides and other 
molecules udng, for example, light-directed, spatially-addressable synthesis techniques 
{see, U.S. Patent No. 5,143,854 and PCX Publication No. WO 90/15070, incorporated 

15 herein by reference for all purposes). In addition, Fodor, et aL have developed, among 
other things, a method of gathering fluorescence intensity data, various photosensitive 
protecting groups, masking techniques, and automated techniques for performing 
light-directed, spatially-addressable synthesis techniques {see, Fodor, et al., PCT 
Publication No. WO 92/10092, the teachings of which are incorporated herein by 

20 reference for all purposes). 

Using these various methods, arrays containing thousands or millions of 
different elements can be formed (see, U.S. Patent Application No. 805,727, filed 
December 6, 1991, the teadiings of which are incorporated herdn by reference for all 
purposes). As a result of flidr relationship to semiconductor fabrication tediniques, 

25 these methods have come to be referred to as "Very Large Scale Immobilized Polymer 
Synthesis," or "VLSIPS"" technology. Such techniques have met with substantial 
success in, for example, screening various ligands such as peptides and oligonucleotides 
to determine their rdative binding affinity to a receptor such as an antibody. 

The solid phase syndiesis techniques currently being used to prepare such 

30 libraries involve the stepwise, i.e.^ sequential, coupling of building blocks to form the 
compounds of int^test. In the Pirrung, et al. m^od, for «ample, polypq>tide arrays 
are synthesized on a substrate by attaching photoremovable groups to the surface of the 
substrate, eiqposing selected regions of the substrate to light to activate those regions, 
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atta fh?f*£ an amino acid monomer with a photoiemovable gnnip to the activated region, 
and icpeating the stq)S of activadoo and attachment until pdypqrtides f die desired 
kngdi and sffqwnm aie synthesized, lliese solid phase synthesis techniques, whidi 
involve die sfqyf«^^*ai coupling of building blocks (e.g.^ amino adds) to fonn the 
compounds of interest, cannot readily be used to piepm many inorganic and oiganic 
compounds. 

From the above, it is seen diat a method and ai^aratus for synthesizing 
and screening libraries of materials, such as inorganic materials, at known locations on a 
substrate are desired. 

SUMMARY OF THE INVENTION 

The present invention provides methods and qyparatus for the preparation 
and use of a substrate having an anay of diverse materials in predefined r^ons thereon. 
A substrate having an anay of diverse materials thereon is pr qpa r ed by delivering 
oonqxments of materials to predefined regions on die substrate, and simultaneously 
reacting the components to form at least two materials. Materials which can be prepared 
usii^ die mediods and Bppmsxa of die present invention include, for example, covalent 
network solids, ionic solids and molecular solids. More particularly, materials which can 
be prepared include inorganic materials, intermetallic mat^ials, metal aUoys, ceramic . . 
materials, oiganic materiab, mganometallic materials, non-biological organic polymers, 
composite materials (e.g., inorganic composites, organic composites, or combinations 
thereof), etc. Once p rep ar ed, diese materials can be screened in parallel for useful 
properties including, for example, dectrical, thermal, mechanical, morphological, 
optical, magnetic, chraucal and odier properties. As such, die present invention 
provides mediods and apparatus for the parallel synthesis and analysis of novel materials 
having new and us^ properties. Any material found to possess a useful property can 
be subsequentiy pr^ared on a large-scale. 

In one embodiment of the present invention, a first component of a first 
material is delivered to a first r^ion on a substrate, and a firA compooaA of a second 
material is delivered to a second vpgiott on the same substrate^ Thereafter, a second 
component of die first material is delivered to the first r^ion on die substrate, and a 
second c on y onent of the second material is delivered to the second r^ion on the 
substrate, llie process is optionally rq)eated, widi additional components, to fonn 
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anay of components at predefined, i.e., known, locations on th substrate. Thereafter, 
the components are simultaneously reacted to form at least tw materials. The 
componmts can l>e sequentially or simultaneously delivered to predefined regions on the 
substrate in any stoichiometry, including a gradient of stoichiometries, using any of a 
5 number of different delivery techniques. 

In another embodiment of the present invention, a method is provided for 
forming at least two different arrays of materials by delivering substantially the same 
reaction components at substantially identical concentrations to reaction regions on both 
first and second substrates and, thereafter, subjecting the components on the first 

10 substrate to a first set of reaction conditions and the components on the second substrate 
to a second set of reaction conditions. Uang this method, the effects of the various 
reaction parameters can be studied on many materials simultaneously and, in turn, such 
reaction parameters can be optimized. Reaction parameters which can be varied include, 
for example, reactant amounts, reactant solvents, reaction temperatures, reaction times, 

15 the pressures at which the reactions are carried out, the atmospheres in which the 

reactions are omducted, the rates at which the reactions are quenched, the order in which 
the reactants are deposited, etc. 

In the delivery systems of the present invention, a small, precisely metered 
amount of each reactant component is ddivered into each reaction region. This may be 

20 accomplished using a variety of ddivery techniques, either alone or in combinaticHi with 
a variety of masking techniques. For example, thin-film deposition techniques in 
combination with physical masking or photolithographic techniques can be used to deliver 
various reactants to sdected regions on the substrate. Reactants can be delivered as 
amoiphous films, epitaxial films, or lattice and superlattice structures. Moreover, using 

25 such techniques, reactants can be delivered to each ^te in a uniform distribution, or in a 
gradient of stoichiometries. Alternatively, the various reactant components can be 
depofflted into the reaction r^ons of intmst from a dispenser in the form of droplets or 
powder. Suitable diqiensers include, for example, micropipettes, mechanisms adapted 
ficom ink-jet printing technology and dectrq>ho!retic pumps. 

30 Once the components of interest have been delivered to predefined r^ons 

on the substrate, they can l)e reacted using a number of different synthetic routes to form 
an array of materials. The components can be reacted using, for example, solution based 
synthesis techniques, photochemical techniques, polymerization techniques, template 
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directed synthesis techniques, epitaxial growdi techniques, by the sol-gd process, by 
thermal, infrared or microwave heating, by calcination, sintering or annealing, by 
hydrothomal methods, by flux methods, by crystallization through v^rization of 
solvent, etc. Thereafter, the array can be screened for materials having useful 
5 properties* 

In another embodiment of the present invention, an array of inorganic 
materials on a single substrate at predefmed regions thereon is provided. Such an array 
can consists of more than 10, Itf , Itf, 10*, 10^ or 10* different inorganic compounds. 
In some embodiments, the density of regions per unit area will be greater than .04 

10 regions/cm^, more preferably greater dian 0.1 ^egions/cm^ even more preferably greater 
than 1 region/cm^ even more preferably greater than 10 regions/cm^, and still more 
preferably greats than 100 regions/cm^ In most preferred embodiments, the density of 
regions per unit area will be greater than 1,000 regions/cm\ more preferably 10,000 
regions/cm^, even more preferably greater than 100,000 regions/cm*, and still more 

IS preferably 10,000,000 regions/cm^ 

In yet another aspect, the present invention provides a material having a 
useful property prepared by: forming an array of materials on a angle substrate; 
screening the array for a material having a useful property; and making additional 
amounu of the material having the useful property. As such, the present invention 

20 provides methods and apparatus for the parallel synthesis and analysis of novel materials 
having new and useful properties. 

Using the foregoing method, a new family of giant magnetorestive (GMR) 
cobalt oxides has been discovered. Arrays of materials containing different compositions 
and stdchiometries of Lni.^CoO., wherein Ln is, for example, Y and La, M is, for 

25 example, Pb, Ca, Sr and Ba, x has a value ranging from about O.I to about 0.9 and z 
has a value ranging from about 2 to about 4, were formed using thin film deposition 
teduiiques in combinaticm with masking techniques. Once formed, the arrays of 
materials were screened for those materials among them having useful properties. More 
particularly, the arrays of materials were screened for specific materials having giant 

30 magnetoresistive (GMR) properties, among others. In doing so, large magnetoresistance 
(MR) was found in La,^-(Ba, Sr, Ca).-CoO, samples, wherein x has a value ranging 
ftom about 0.1 to about 0.9, and z has a value ranging from about 2 to about 4. Once 
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the materials having useful properties were identified^ additional amounts of sudi 
materials were piepaxed. 

In doing so, it has been determined that the compounds in this new &mily 
of GMR cobalt oxides have the following general formula: Ay^.^N^.xCoO,, wherein A is 
a metal selected from the group consisting of lanthanum (La), yttrium (Y), cerium (Ce), 
praseodymium (Pr), neodymium (Nd), promethium (Pm), samarium (Sm), europium 
(Eu), gadolinium (Gd), terbium (Tb), dysprosium (Dy), holmium (Ho), erbium (Er), 
ttiulium Crm)» ytterbium (Yp) and lutedum (La); M is a metal selected from the group 
consisting of calcium (Ca), strontium (Sr), barium (Ba), lead (Pb), thallium (Tl) and 
bismuth (Bi); y has a value ranging from about 1 to about 2; x has a value ranging from 
about 0.1 to about 0.9; and z has a value ranging from about 2 to about 4. Moreover, it 
has been determined that the compounds in this new family of GMR cobalt oxides 
generally have a layered, perovskite-rdated structure. 

A further understanding of the nature and advantages of the inventions 
herdn may be realized by reference to the remaining portions of the specification and the 
attached drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 illustrates masking of a substrate at a first location; the substrate is 
shown in cross-section; 

FIGS. 2A-2I illustrate the use of binary masking techniques to generate an 
array of reactants on a single substrate; 

FIGS. 3A-3I illustrate the use of physical masking techniques to generate 
an array of reactants on a single substrate; 

FIGS. 4A-4M illustrate the use of phyacal masking techniques to generate 
an array of reactants on a single substrate; 

HG. 5 di^lays the elements of a typical guided droplet dispenser that may 
be used to deUv^ the reactant solution(s) of the present invention; 

FIG. 6 illustrates an example of a reaction system employing an eight RF 
magnetron sputtering gun and a carrousel; 

FIG. 7 illustrates an example of a reaction system employing an eight RF 
magnetron sputtering gun and a cassette; 
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FIO. 8 illustrates an «ample of a reaction system a pulsed laser and a 

cassette; 

FIG. 9 illustrates an example of a reaction system employing a pulsed 
laser and a sliding and shutter masking system; 
5 FIGS. lOA-lOD illustrates various masks which can be used in carrying 

out the methods of the presmt invention. FIG. lOA illustrates an example of an X/Y 
shutter mask; FIG. lOB illustrates S masking patterns which can be used to create S 
sqKuate columns along a substrate for 5 different reaction components; FIG. IOC 
illustrates an example of how the X/Y shutter mask can be used to create a thickness 
10 gradient of one component across the substrate; and FIG. lOD a mask which when 

translated across the substrate, S different components are deposited in each half of the 
substrate. 

FIG. 11 illustrates an examply of a flat sheet containing thereon both 
binary masks and an X/Y shutter. 
15 FIG. 12 illustrates an example of temperature control in a library through 

resisdve heating; 

FIG. 13 illustrates an example of a Scanning RF Susceptibility Detection 
System which can be used to detect the superconductivity of an array of materials; 

FIG. 14 is a map of the reactant components delivered to the 16 
20 predefined regions on the MgO substrate; 

FIG. 15 is a photograph of an array of 16 different compounds on the 1.25 
cm X 1.25 cm MgO substrate; 

FIGS. 16A-16B illustrate the resistance of the two conducting materials as 
a function of temperature; 
25 FIG. 17 illustrate die binary masks used to generate the library of 

materials; numbers in lower left hand and upper righthand comers indicate position of 
eadi member in die library; MO oorre^nds to no secondary mask; 

FIG. 18 is a photograph of the 128 memb^ binary library prior to 
sintering; the color of each site is the natural color of reflected light from a white light 
30 source; 

FIGS. 19A*19B illustrate resistivity vs. temperature plots: 
(A) • BiCuSrCaO; and (B) • BiCuSrCaCuCaO and o BiCuCuSrCaCaO; 

FIG. 20 illustrates the masks used to generate the YBCO-BSCCO library. 
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FIGS. 21A-21C illustrates resistivity vs. temperature plots: (A) 
BiCuSrCaO; (B) YBaCaO; and (C) YBa^CujO,; 

FIG. 22 illustrates the masks used to generate the libraries of cobalt oxide 
(CoO) thin-film materials; 

FIG. 23 illustrates a of compositions and stoichiometries (LnJSiyCoO^ 
a, where Ln = La and Y, and M « Ba, Sr, Ca and Pb) of thin film samples in libraries 
L2 and L3. Samples are labeled by index (row number, colunm number) in the text and 
figure legend. The first number in each box indicates x and the second y . Black, solid 
circles indicate the samples that show significant MR effects (>S%); 

FIGS. 24A and 24B illustrate MR ratios of representative samples in 12 
(19A) and L3 (19B) as a function of magnetic field; 

FIGS. 25A and 25B illustrate the resistance of sample L3(13, 2) under OT 
and lOT and the MR ratio (H = lOT) as a function of temperature (20A), and MR ratios 
of the sample for diffimnt magnetic fields as a function of temperature (20B). The solid 
lines are guides to the eye; 

FIGS. 26A, 26B and 26C illustrate the X-ray diffraction patterns (indexed 
for cubic perovskite structure) for Ba, Sr and Ca doped bulk samples, respectively; the 
X-ray diffraction patterns indicate that die structure of this new class of cobalt oxides is 
cubic perovskite with some slight distortion; and 

FIG. 27 illustrates the magnetization of the bulk sample Lao^ro^iCoO^ 
under IT field as a function of temperature. The solid line is a guide to the eye. The 
inset in FIG. 22 illustrates the MR ratios of the sample at different temperatures as a 
function of magnetic field. 
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/. Glossary 

The following terms aie intended to have the following general meanings 
as they are used herein. 



1. Substrate : A material having a rigid or semi-rigid surface. In many 

embodiments, at least one surface of the substrate will be substantially flat, 
although in some embodiments it may be desirable to physically separate synthesis 
regions for different materials with, for example, dimples, wells, raised regions, 
etdied trenches, or the like. In some embodiments, the substrate itself contains 
wells, raised regions, etched trenches, etc, which form all or part of the synthesis 
regions. According to other embodiments, small beads or pellets may be 
provided on the surface within dimples or on other regions of the surface or, 
alternatively, the small beads or pellets may themselves be the substrate. 



2. Predefined Region: A predefined region is a localized area on a substrate which 
is, was, or is intended to be used for formation of a selected material and is 
otherwise referred to herein in die alternative as "known** rpgion, "reaction" 
region, a "selected" region, or simply a "region." The predefmed region 
may have any convenient shape, e.^., linear, circular, rectangular, elliptical,, 
wedge-shaped, etc. Additionally, the predefined region, i.e., the reaction site, 
can be a bead or pellet which is coated with a reactant component(s) of interest. 
In this embodiment, the bead or pellet can be identified with a tag, such as an 
etched binary bar code that can be used to indicate the history of the bead or 
pellet, /.e., to identify which components were dq)osited thereon. In some 
embodiments, a predefined r^on and, therefore, the area upon which each 
distinct material is synthesized is smaller than about 25 cm^, preferably less than 
10 cm^, more preferably less than S cm^, even more preferably less than 1 cm^. 
still more preferably less than 1 mm^ and even more preferably less than 0.5 
mm^. In most prefierred embodiments, the regions have an area 1^ tiian about 
10,000 ^m^, preferably less than 1,000 /im^, more preferably less than 100 fim?, 
and even more prefinably less than 10 nn?. 
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3. Radiation : Energy which may be selectively applied including energy having a 
wavelength between lO*^^ and 10^ meters including, for example, electron beam 
radiation, gamma radiation, x-ray radiation, ultraviolet radiation, visible light, 
infrared radiation, microwave radiation and radio waves. "Irradiation" refers to 

S the application of radiation to a surface. 

4. Component : "Component" is used herein to refer to each of the individual 
chemical substances that act upon one another to produce a particular material and 
is otherwise referred to herein in the alternative as "reactant" or "reactant 

10 component." That is to say, the components or, alternatively, reactants are die 

molecules that act upon one another to produce a new molecule(s), i.e., 
product(s); for example, in tiie reaction HCI + NaOH - NaCl + HjO, the HCl 
and the NaOH are the components or reactanu. 

IS S. Material : The term "material" is used herein to refer to solid-state compounds, 
extended solids, extended solutions, dusters of molecules or atoms, crystals, etc. 

6. Ctovalent Network Solids : Solids that consist of atoms held together in a large 
network of chains by covalent bonds. Such covalent network solids include, but 

20 are not limited to, diamond, silicon nitride, graphite, bunkmisterfullerene and 

organic polymers which cannot be synUiesized in a stepwise fashion. 

7. Ionic Solids : Solids which can be modeled as cations and anions held together by 
electrical attraction of opposite duoge. Such ionic solids include, but are not 

25 restricted to, CaF2, CdCl,, ZnClj, NaCl2, AgF, AgQ, AgBr and spinds {e.g., 

ZnAl204, MgAlA> FrCr204, etc.). 

%. Molecular Solids : Solids consisting of atoms or molecules held togetiier by 

intermolecular forces. Molecular solids include, but are not limited to, extended 
30 solids, solid neon, organic compounds, synthetic or organic metals {e.g. , 

tetrathiafidvalene-tetxa^anoquinonedimediane CTTF-TCNQ)), liquid crystals 
(e.g., cyclic siloxanes) and protein crystals. 
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9. Inorganic Materials : Matmals which do not contain caibon as a principal 
element. The oxides and sulphides f carbon and the metallic carbides are 
considered inorganic materials. Examples of inorganic compounds which can be 
synthesized using the methods of the present invention include, but are not 
5 restricted to, the following: 

(a) Litermetallics (or Intermediate Constituents): Intermetallic compounds 
constitute a unique class of metallic materials that form long-range ordered 
crystal structures below a critical temperature. Such materials form when 
atoms of two metals combine in certain proportions to form crystals with a 

10 differmt structure from that of either of the two metals (e. NiAl» CrBe2, 

CuZ^, etc.). 

(b) Metal AUoys: A substance having metallic properties and which is composed 
of a mixture of two or more chemical dements of which at least one is a metal. 

(c) Magnetic Alloys: An alloy exhibiting ferromagnetism such as silicon iron, but 
IS also iron-nickel alloys, which may contain small amounts of any of a number of 

other elements (e.;., copper, aluminum, chromium, molybdenum, vanadium, 
e/c), and iron-cobalt alloys. 

(d) Ceramics: Typically, a ceramic is a metal oxide, boride, carbide, nitride, or 
a mixture of such materials. Ceramics are inorganic, nonmetallic, nonmolecular 

20 solids, including both amorphous and crystalline materials. Ceramics are 

illustrative of materials that can be formed and screened for a particular property 
using die present invention. Such materials include, for example, alumina, 
zirconium, ulicon carbide, aluminum nitride, silicon nitride, the YB^CusO^^ 
superconductor, the La2o(Sr,Cu04 supmonductors, the Bi^CaSrsCuaOB^, 

25 superconductors, the Ba|.,,K,^i03 superconductors, the ReBaCu superconductors, 

fenite (BaFe, A9)> Zeolite A (Na,2[(Si02)t2(A102)]«27H20), soft and permanent 
magnets, high dielectric constant materials (BaTiOj), piezoelectric materials (e.g., 
lead zirconate titanate (PZT), NaNbQi, and NaTaOj), electro-optic materials 
(e.g., lithium niobate (LiNbO|))» giant magnetoresistant materials (GMR), etc. A 

30 "giant magnetoresistant" material, as used herein, refers to a material having a 

change in resistance when exposed to a nuignetic field that is greats than 5 
percrat rdativ to the resistance it had when no field was applied. That is to say, 
the absolute value of the percentage change in resistance is greater than 5 percent, 
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A^ l > 5%. The diangc in resistance is detmnined by: 



A« . [Resiatance When A Field Is ADp2ied\ - [nesi stance When No FimXd la Applied] 
"if ■ [ReBiatance When No Field Is Applied} 

10. Organic Materials : Compounds, which generally consist of carbon and 
5 hydrogm, with or without oxygen, nitrogen or other elements, except 

those in which carbon does not play a critical role {e.g.^ carbonate salts). 
Examples of organic materials which can be synthesized using the methods 
of the present invention include, but are not restricted to, the following: 
(a) Non-biological, organic polymers: Nonmetallic materials consisting of 

10 large macromolecules composed of many repeating units. Such materials 

can be eith^ natural or synthetic, cross-linked or non-crosslinked, and 
they may be homopolymers, copolymers, or higher-ordered polymers 
(e.^., totpolymers, ere.)- By "non-biological," a-amino acids and 
nucleotides are excluded. More particularly, **non-biolQgical, organic 

15 polymers" exclude those polymers which are synthesized by a linear, 

stq)wise coupling of building blocks. Examples of polymers which can be 
prepared using the methods of the present invention include, but are not 
limited to, the following: polyurethanes, polyesters, polycarbonates, 
polyethylmdmines, polyacetates, polystyrenes, polyamides, polyanilincs, 

20 polyacetylenes, polypyrroles, etc. 

11. OrpanometalHc Materials : A class of compounds of the type R-M, wherein 
carbon atoms are linked directly with metal atoms (e.g. , lead tetraethyl 
(Pb(C2H3)4), sodium phenyl (CeHs^Na), zinc dimethyl (Zn(CHj)2), dc.). 

25 

12. Cftn iP^rite Materials: Any combination of two materials differing in form or 
composition on a macroscale. The constituents of composite materials retain thdr 
identities, i.e., they do not dissolve or merge completely into one another 
although they act in concert. Such composite materials may be inorganic, organic 

30 or a combination thereof. Included within this definition are, for example, doped 

mytf^ftijft^ di^)ersed metal catalysts and odier heterogeneous solids. 
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U. General Overview 

The pfesent invention provides methods and aqppaiatus for the preparati n 
and use of a substrate having an array of materials in predefined regions Amon. The 
invention is described herein primarily with regard to the prq»aiation of inorganic 
5 matmals, but can readily be allied in the preparation of other materials. Matoials 
which can be prqnred in accordance with the methods of the present invmtion include, 
for example, covalent network solids, ionic solids and molecular solids. More 
particularly, materials which can be prq>ared in accordance with the methods of the 
present invention include, but are not limited to, inorganic materials, intermetallic 

10 materials, metal alloys, ceramic materials, organic materials, organometallic materials, 
non-biological organic polymen, composite materials (e.g., inorganic composites, 
organic composites, or combinations thereof), or other materials which will be apparent 
to those of skill in the art upon review of this disclosure. 

The resulting substrate having an array of materials thereon will have a 

IS variety of uses. For oample, once prq>ared» the substrate can be screened for materials 
having useful properties. Accordingly, the array of materials is preferably synthesized 
cm a single substrate. By synthesizing the array of materials on a single substrate, 
screming the array for materials having useful properties is more easily carried out. 
Properties which can be screened for include, for example, electrical, thermal 

20 mechanical, mcHphological, optical, magnetic, chemical, etc. More particularly, 
properties which can be screened for include, for example, conductivity, super- 
conductivity, resistivity, thermal conductivity, anisotropy, hardness, crystallinity, optical 
transparency, magn^oresistance, permeability, frequency doubling, photoemission, 
coerdvity, dielectric strength, or other useful properties which will be apparent to those 

25 of skill in Ae art upon review of this disclosure. Importantly, the synthesizing and 
screening of a diverse amy of materials enables new compositions with new physical 
properties to be identified. Any material found to possess a useful property can be 
subsequently prepared cm a large-scale. It will be apparent to those of skill in the art that 
once useful materials have been identified using the methods of the present invention, a 

30 variety of different methods can be used to prepare such useful materials cm a large or 
bulk scale with essentially ttie same sbructure and properties. 

Generally, the array of materials is prepared by successively delivering 
components of materials to predefined regions on a substrate, and simultaneously reacting 
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th components to form at least two materials. In ne embodiment, for ^cample, a first 
component of a first material is delivered to a first preferred region on a substrate, and a 
first component of a second material is delivered to a second preferred region on the 
same substrate. Thereafter, a second component of the first material is delivered to the 
S first region on the substrate, and a second component of the second material is delivered 
to die second r^ion on die substrate. Each component can be delivered in either a 
uniform or gradi^t fashion to produce either a single stoichiometry or, alternatively, a 
large number of stoichiometrics within a single predefined r^on. Moreover, reactants 
can be delivered as amorphous films, epitaxial films, or lattice or superlattice structures. 

10 The process is rqieated, with additional components, to form a vast array of components 
at predefined, known, locations on the substrate. Thereafter, the components are 
simultaneously reacted to form at least two materials. As explained hereinbelow, the 
components can be sequentially or simultaneously delivered to predefined regions on the 
substrate using any of a number of different delivery techniques. 

IS In the methods of the present invention, the components, after being 

delivered to predefined r^ions on the substrate, can be reacted using a number of 
different synthetic routes. For example, the components can be reacted using, for 
example, soluticm based synthesis techniques, photochemical techniques, polymerization 
techniques, template directed synthesis techniques, q>itaxial growth techniques, by the 

20 sol-gel process, by thermal, infrared or microwave heating, by calcination, sintering or 
amiealing, by hydrothermal methods, by flux methods, by crystallization through 
vaporization of solvent, ere. Other useful synthesis techniques that can be used to 
simultaneously react the components of interest will be readily apparent to those of skill 
in the art. 

25 Since the reactions are conducted in parallel, the number of reaction stq>s 

can be minimized. Moreover, the reaction conditions at different reaction regions can be 
controlled indq)endently. As such, reactant amounts, reactant solvents, reaction 
temperatures, reacticm times, the rates at which the reactions are quenched, deposition 
order of reactants, ere. can be varied fix>m reaction region to reaction region on the 

30 substrate. Tlius, for example, the first component of the first material and the first 

component of the second material can be the same or different. If the first component of 
tile first material is the same as die first componrat of the second materials, fhis 
component can be offered to the first and second r^ions on die substrate in eitiier the 
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same or different amounts. This is true as well for the second component of the first 
material and the second component f the secoiKl material, eic. As with the first 
component of the first and second materials, the second component of the first material 
and the second component of the second material can be the same or different and, if the 
S same, this component can be offered to the first and second regions on the substrate in 
either the same or different amounts. Moreover, within a given predefined region on the 
substrate, the conoponent can be delivered in either a uniform or gradient fashion. In 
addition, if the same components axe delivered to the first and second regions on the 
substrate at identical concentrations, then the reaction conditions {e.g., reaction 

10 temperatures, reaction times, etc.) under which the reactions are carried out can be 
varied from reaction region to reaction region. 

Moreover, in one embodiment of the present invention, a method is 
provided for forming at least two different arrays of materials by delivering substantially 
the same reactant components at substantially identical concentrations to reaction regions 

IS on both first and second substrates and, thereafter, subjecting the components on the first 
substrate to a first set of reaction conditions and the components on the second substrate 
to a seomd s^ of reaction conditions in a wide array of compositions. Using this 
method, the effects of the various reaction parameters can be studied and, in turn, 
optimized. Reaction parameters which can be varied include, for example, reactant 

20 amounts, reactant solvents, reaction temperatures, reaction times, the pressures at which 
the reactions are carried out, die atmosjrtieres in which the reactions are conducted, the 
rates at which the reactions are quenched, the order in which the reactants are deposited, 
etc. Other reaction parameters whidi can be varied will t>e sppaxent to those of skill in 
the art 

25 The reactant components in the individual reaction regions must often be 

prevented from moving to adjacent reaction regions. Most simply, this can be ensured 
by leaving a sufiRdent amount of space between the reaction regions on the substrate so 
that the various components cannot intenUffiise between reaction regions. Moreover, this 
can be ensured by providing an appropriate liarrier betwem the various reaction regions 

30 on the substrate. In one aj^noach, a mechanical device or fdiysical structure defines the 
various reaction regions on the substrate. A wall or oiher physical barrier, for example, 
can be used to prevent the reactant components in the individual reaction regions from 
moving to adjacent reaction regions. This wall or physical barrier can be removed after 
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the synthesis is carried out. One of skill in the art wUl appreciate that, at times, it may 
be beneficial to remove the wall or physical banier before screening the array of 
materials. 

In another approach, a hydrophobic material, for example, can be used to 
S coat the regim surrounding the individual reacdon regions. Such materials prevent 

aqueous (and certain other polar) solutions from moving to adjacent reaction regions on 
the substrate. Of course, when non-aqueous or nonpolar solvents are employed, different 
sur£su:e coatings will be required. Moreover, by choosing appropriate materials (e.g., 
substrate material, hydrophobic coatings, reactant solvents, etc.), one can control the 

10 contact angle of the droplet with respect to the substrate surface. Large contact angles 
are desired because the area surrounding the reaction region remains unwetted by the 
solution within the reaction region. 

In the delivery systems of the present invmtion, a small, precisely metered 
amount of each reactant component is delivered into each reaction region. This may be 

IS accomplished using a variety of delivery techniques, either alone or in combination with 
a variety of masking techniques. Fbr example, thin-film deposition techniques in 
combination with physical masking or photolithographic techniques can be used to deliver 
the various reactant componmts to selected regions on the substrate. More particularly, 
sputtering systems, qiraying techniques, laser ablation techniques, electron beam or 

20 thermal evaporation, ion implantation or doping techniques, chemical vapor deposition 
(CVD), as well as other techniques used in the fabrication of integrated circuits and 
qntaxially grown materials can be applied to deposit highly uniform layers of the various 
reactant components on selected regions on the substrate. Alternatively, by varying the 
relative geometries of the mask, target and/or substrate, a gradient of reactant 

25 components can be depoated within each predefined regions on the substrate or, 
alternatively, over all of the predefined regions on the substrate. Such thin-film 
deposition tfrhmqv*^ are generally used in combination witfi masking techniques to 
ensure that the reactant components are being delivered only to the reaction regions of 
interest 

30 Moreover, in addition to the foregoing, the various reactant components 

can be dqx>sited n the reaction regions of interest from a diq)enser in the form of 
droplets or powder. Conventional micropipetting apparatuses can, for example, be 
adapted to dispense droplet volumes of 5 nanoliters or smaller from a capillary. Such 
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droplets can fit within a reaction region having a diameter of 300 fim or less when a 
mask is employed. The dispenser can also be of the type employed in conventional ink- 
jet printers. Such ink-jrt dispenser systems include, for example, the pulse pressure type 
dispenser system, the bubble jet typt dispenser system and the slit jet type dispenser 
S system. These ink-jet dispenser systems are able to deliver droplet volumes as small as S 
picoliters. Moreov^ , such dispenser systems can be manual or, alternatively, they can 
be automated using, for example, robotics techniques. 

The dispense of the present invention can be aligned with respect to the 
appropriate reaction regions by a variety of conventional systems. Such systems, which 

10 are widely used in the microelectronic device fabrication and testing arts, can deliver 
droplets of reactant components to individual reaction regions at rates of up to 5,000 
drops per second. The translational (X-Y) accuracy of such systems is well within 1 fim. 
The position of the dispense stage of such systems can be calibrated with respect to the 
position of the substrate by a variety of methods known in the art. For example, with 

IS only one or two reference points on the substrate surface, a "dead reckoning** method can 
be provided to locate each reaction region on the substrate. The reference marks in any 
such systems can be accurately identified by using capacitive, resistive or optical sensors. 
Alternatively, a ''vision** system emirioying a camera can be employed. 

In another embodiment of the present invention, the dispenser can be 

20 aligned with respect to the reaction region of interest by a system analogous to that 

employed in magnetic and optical storsige media fields. For example, the reaction region 
in \Mch the reactant component is to be deposited is identified by its track and sector 
location on the disk substrate. The dispenser is then moved to the appropriate track 
while the disk substrate rotates. When the apimipriate reaction r^ion is positioned 

25 below the dispenser, a droplet of reactant solution is released. 

In some embodiments, the reaction r^ons may be further defined by 
dimples in the substrate sur&ce. This will be especially advantageous when a head or 
other sensing device must contact or glide along the substrate surface. The dimples can 
also act as identification marks directing the dispenser to the reaction region of intmst. 

30 
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///. Isolation of Reaction Regions On A Substrate 

In a preferred embcxliment, the methods of the present inventioa are used 
to prepare an array of diverse materials at known locations on a single substrate surface. 
Essentially, any conceivable substrate can be employed in the invention. The substrate 
5 can be organic, inorganic, biological, nonbiological, or a combination of any of these, 
existing as particles, strands, precipitates, gels, sheets, tubing, spheres, containers, 
capillaries, pads, slices, films, plates, slides, ere. The substrate can have any convenient 
shape, such a disc, square, sphere, circle, etc. The substrate is preferably flat, but may 
take on a variety of alternative surface configurations. For example, the substrate may 

10 contain raised or depressed regions on which the synthesis of diverse materials takes 
place. The substrate and its surface preferably form a rigid support on which to cany 
out the reactions described herein. The substrate may be any of a wide variety of 
materials including, for example, polymers, plastics, pyrex, quartz, resins, silicon, silica 
or silica-based materials, carbon, metals, inorganic glasses, inorganic crystals, 

IS membranes, etc. Othtr substrate materials will be readily Bppmat to diose of skill in 
the art upon review of tfiis disclosure. Surfaces on the solid substrate can be composed 
of die same materials as the substrate or, alternatively, they can be different, i.e., the 
substrates can be coated with a different material. Moreover, the substrate surface can 
contain thereon an adsorbent (for example, cellulose) to which the components of interest 

20 are ddivered. The most appropriate substrate and substrate-surface materials will depend 
on the class of materials to be synthesized and the selection in any givm case will be 
readily apparoit to those of skill in the art 

In some embodimmts, a predefined region on the substrate and, therefore, 
the area upon which each distinct material is synthesized is smaller than about 25 cm^, 

2S preferably less than 10 cm^, more preferably less than 5 cm\ even more preferably 1 
cm^, stiU more preferably less than 1 nm^, and still more preferably less dian 0.S mm^. 
In most preferred embodiments, the regions have an area less than about 10,000 
preferably less than 1,000 fim^, more preferably less than 100 ^nf, and even more 
preferably less than 10 fivn?. 

30 In preferred embodiments, a single substrate has at least 10 different 

maten^^g and, more prdierably, at least 100 differrat materials synthesized thmon. In 
even more preferred embodiments, a single substrate has more than 10^, 10*, 10*, 10^, or 
more materials synthesized thereon. In some embodiments, the deliv^ process is 



05/11/2004, EAST Version: 1.4.1 



W 9«/n878 PCr/US95/13278 

21 

repeated to provide matmals with as few as two components^ although the process can 
be readily adapted to form materials having 3, 4, 5, 6, 7, 8 or more components 
therein. The density of regions p«^ unit area will be greater than .04 re^ons/cm^ more 
prcfaably greater than 0.1 regions/cm\ even more preferably greater than 1 region/cm', 
5 even more preferably greater than 10 regions/cm^, and still more preferably greater than 
100 regions/cm^. In most preferred embodiments, the density of regions per unit area 
will be greater than 1,000 regions/cm^, more preferably 10,000 regions/cm^ even more 
preferably greater than 100,000 regions/cm^, and still more preferably 10,000,000 
regions/cm^. 

10 In other embodiments, the substrate can be a series of small beads or 

pellets (hereinafter "beads"). The number of beads used will depend on the number of 
materials to be synthesized and can range anywhere from 2 to an infinite number of 
beads. In this embodiment, each of the beads is uniformly coated with the reactant 
component(s) of interest and, thereafter, reacted. This is readily done, for example, by 

IS using a series of vessels each of which contains a solution of a particular reactant 

component. The beads are equally divided into groups corresponding to the number of 
components used to generate the array of materials. Each group of beads is then added 
to one of the vessels wherdn a coating of one of the components in solution forms on the 
surface of each bead. The beads are then pooled together into one group and heated to 

20 produce a dry component layer on the surface of each of the beads. The process is 

repeated several times to generate an array of different reaction components on each of 
the beads. Once the components of interest have been deposited on the beads, the beads 
are reacted to form an array of materials. All of the beads may or may not be reacted 
under the same reaction conditions. To determine the history of the components 

25 dqwsited on a particular bead, mass spectroscopic techniques can be used. 

Alternatively, each bead can have a tag which indicates the history of componoits 
deposited thereon as wen as their stoidiiometries. The tag can be, for example, a binary 
tag etched into the surface of the bead so that it can be read using q)ectroscopic 
tfrhnT^pies. As witfi the single substrate having an array of materials thereon, each of 

30 the individual beads or pellets can be screened for materials having useful properties. 

More particularly, if an array of materials is to be generated based on Bi, 
Cu, Ca and Sr using a smes of beads as the substrate, for example, four vessels 
containing aqueous solutions of BiCNO,),, CuCNOs),, CaCNO,)) and Sr(NO,)3 would be 
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employed. A portion of the beads axe added to the vessel containing the BiCNO,), 
solution; a portion of the beads are added to the Cu(N0^3 solution; a portion of the 
beads are added to the vessel containing the Ca(N03)3 solution; and, finally, a portion of 
the beads are added to the vessel containing the Sr(N0a)3 solution. Once the beads are 
5 uniformly coated with the reactant component contained in the vessel, the beads are 
removed from the vessel, dried, etched, pooled together into one group and, thereafter, 
subsequently divided and added to the vessels containing the foregoing reactant 
components of interest. The process is optionally repeated, with additional reactant 
components, to form a vast array of components on each of the l)eads. It will be readily 

10 apparent to those of skill in the art that a number of variations can be made to this 
tedmique to genmte a vast array of beads containing a vast array of components 
thereon. For example, some of the beads can be coated with only two components, 
others with more than two components. Additionally, some of the beads can be coated 
two or more times with the same component, whereas other beads are coated a single 

15 time with a ffven component. 

As ineviously explained, the substrate is preferably flat, but may take on a 
variety of alternative surface configurations. Regardless of the configuration of the 
substrate surface, it is imperative that the reactant components in the individual reacdon 
r^ons be prevented from moving to adjacent reaction regions. Most simply, this can be 

20 ensured by leaving a suffident amount of qpace between the regions on the substrate so 
that the various components cannot interdiffuse l>^een reaction regions. Moreover, this 
can be ensured by providing an appropriate barrier between the various reaction regions 
on the substrate. A mechanical device or physical structure can be used to define the 
various regions on the substrate. For example, a wall or odier physical barrier can be 

25 used to prevent the reactant components in the individual reaction r^ions from moving 
to adjacent reaction regions. Altemativdy, a dimple or other recess can be used to 
prevent the reactant components in die individual reaction r^ons from moving to 
adjacent reaction regions. 

If the substrate used in the present invention is to contain dimples or other 

30 recesses, the dimples must be suffidently small to allow dose paddng on the substrate. 
Preferably, the dimples will be less than 1 mm in diameter, preferably less than 0.5 mm 
in diameter, more preferably less than 10,000 (itn in diameter, even more prefierably less 
than 100 urn in diameter, and still more preferably less than 25 itm in diameter. 
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Dimples having these characteristics can be produced by a variety of 
techniques including las^, pressing, or etching techniques. A suitable dimpled substrate 
surface can, for example, be provided by pressing the substrate with an imprinted 
"'master" such as those commonly used to prepare compact optical disks. In addition, an 
S isotropic or anisotropic etching technique employing photolidiography can be employed. 
Li such techniques, a mask is used to define the reaction regions on the substrate. After 
the substrate is irradiated through the mask, selected regions of the photoresist are 
removed to define the arrangement of reaction regions on the substrate. The dimples 
may be cut into the substrate with standard plasma or wet etching techniques. If the 

10 substrate is a glass or silicon material, suitable wet etch materials can include hydrogen 
fluoride, or other common wet etchants used in the field of semiconductor device 
fabrication. Suitable plasma etchants commonly used in the semiconductor device 
fabrication field can also be employed. Such plasma etchants include, for nample, 
mixtures of halogen containing gases and inert gases. Typically, a plasma etch will 

15 produce dimples having a dq>th of less than 10 /un, although dq)ths of up to SO fim may 
be obtained under some conditions. 

Another method for preparing a suitably dimpled surface employs 
photochemically ^hable glass or polymer sheets. For example, a photodiemically 
etchable glass known as "FOTOFORM* is available from Coming Glass Company (New 

20 York). Upon exposure to radiation through a mask, the glass becomes soluble in 

aqueous solutions. Thereafter, die exposed glass is simply washed with the appropriate 
solution to form the dimpled surface. With tfiis material, well-defined dimples can be 
made having aspect ratios of 10 to 1 (depth to diameter) or greats, and depths of up to 
0.1 inches. Dimple diameters can be made as small as 25 fim in a 2S0 /im thidc glass 

25 layer. Moreover, the dimpled surface can contain thereon an adsorbent (for example, 
cellulose) to which the components of interest are delivered. 

Even when a dimpled satbot is employed, It is often important to ensure 
that the substrate material is not wetted b^ond the reaction rc^on parameters. Most 
simply, this can be ensured by leaving a sufficient amount of ^ace between the r^ons 

30 on the substrate so that the various components cannot interdififuse between reaction 

regions. In additi n, other techniques can be applied to control the physical interactions 
that affect wetting, therd>y ensuring that the solutions in the individual reaction regions 
do not wet the surrounding surface and contaminate other reaction regions. Whether or 
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not aliquid droplet will wet a solid surface is governed by three tensions: the surface 
tension at the liquid-air interface, the interfadal tension at the solid-liquid interface and 
the sur&ce tension at the solid-air interface. If the sum of the liquid-air and liquid-solid 
tensions is greater than the solid-air tension, the liquid drop will form a bead (a 

5 phenomenon known as "tensing**). If, on the other hand, the sum of the liquid-air and 
liquid-solid tensions is less than the solid-air tension, the drop will not be confined to a 
given location, but will instead spread over the surface. Even if the surface tensions are 
such that the drop will not spread over the surfooe, the contact or wetting angle (i.e., the 
angle between the edge of the drop and the solid substrate) may be sufficiently small 

10 such that the drop will cover a relatively large area (possibly extending beyond the 

confines of a given reaction region). Further, small wetting angles can lead to formation 
of a thin (2q)proximately 10 to 20 A) "precursor film" which spreads away from the 
liquid bead. Larger wetting angles provide "taller" beads that take up less surface area 
on the substrate and do not form precursor films. Specifically, if the wetting angle is 

IS greater than about 90*", a precursor film will not form. 

Methods for controlling chemical compositions and, in turn, the local 
surface free energy of a substrate surface include a variety of techniques apparent to 
those in the arL Chemical vapor deposition techniques as well as other techniques 
applied in the fabrication of integrated circuits can be applied to deposit highly uniform 

20 layers on selected regions of the substrate surface. If, for example, an aqueous reactant 
solution is used, the area surface inside the reaction regions may be hydrophilic, while 
the surface surrounding the reacticm regions may be hydrophobic. As such, the surface 
chemistry can be varied from position to position on the substrate to control the surface 
free eneigy and, in turn, the contact angle of the drops of reactant solution. In this 

25 manner, an array of reaction regions can be defined on the substrate surface. 

Moreover, as previously e3q>lained, the reactant components in the 
iiuUvidual reaction regions can be prevented from moving to adjacent reaction regions by 
leaving a sufficient amount of space between the regions on the substrate so that the 
various components cannot interdififiise between reaction regions. 

30 
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IV. Methods For Delivery OfReactant Components 

In the delivery systems of the present inventim, a small, precisely metered 
amount of each reactant component is delivered to each reactitm icgion. This may be 
accomplished using a variety of delivery techniques, either alone or in combination with 
a variety of physical masking or irfiotolithographic techniques. Delivery techniques 
which are suitable for use in the methods of the present invention can generally be 
broken down into those involving the use of thin-film deposition techniques and those 
involving the use of dispensers. 



10 A, Dettverv Vs inp Thin^FOm Dmosition Techniques 

Thin-film dqx)sition techniques in combination with physical masking 
techniques or photolithographic techniques can be used to deposit thin-films of the 
various reactants on predefined regions on the substrate. Such thin-film deposition 
techniques can generally be brokra down into the following four categories: evaporative 

15 methods, glow-discharge processes, gas-phase chemical processes, and liquid-phase 
chemical techniques. Included within these categories are, for example, sputtering 
techniques, spraying techniques, laser ablation techniques, electron beam or thermal 
evaporation techniques, ion implantation or doping techniques, chemical vs4X>r dqposition 
techniques, as well as other techniques used in the fabrication of integrated circuits. All 

20 of these tediniques can be sailed to dq)osit highly uniform layers, ue. , thin-films, of 
the various reactants on selected r^ions on the substrate. M<Mreover, by adjusting the 
relative geometries of the masks, the delivery source and/or the substrate, such tiiin-film 
deposition tedmiques can be used to generate uniform gradients at each reaction region 
on the substrate or, alternatively, over all of the reaction regions on the substrate. For 

25 an overview of the various thin-film dq)osition techniques which can be used in the 

metiiods of the present invention, see^ for exampk^ Handbook of UanrFibn Deposition 
Processes and Tedmiques^ Noyes Publication (1988), which is incorporated herein by 
reference for all purposes. 

Thin-films of the various reactants can be deposited on the substrate using 

30 eviQXirative methods in combination with physical masking t Generally, in 

tihermal evaporation or vacuum evaporation methods, die following sequential steps take 
place: (1) a vapor is generated by boiling or subliming a target material; the vapor is 
transported from the source to a substrate; and (3) the vapor is condensed to a solid film 
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on die substrate suifeoe. Evaporants, i.e., target materials, which can be used in the 
evaporative methods cover an extraordinary range of chemical reactivities and vapor 
pressures and, thus, a wide variety of sources can be used to vaporize the target 
materials. Such sources include, for example, resistance*heated filaments, electron 
3 beams; crucible heated by conduction, radiation or rf-inductions; and arcs, e7q)loding 

wires and lasers. In preferred embodiments of the present invention, thin-film dqx)sition 
using evaporative methods is carried out using lasors, filaments, electron beams or ion 
beams as the source. In further preferred embodiments of the present invoition, thin- 
film deposition using evaporative methods is carried out using lasers as the source. In 

10 such laser ablation techniques, an excimer or YAG laser, having sufficient power to 

cause evaporation, is directed through a viewport to a target material held under vacuum. 
The target material is vaporized, the vapor is transported from the source to a substrate, 
and the vapor is condensed to a solid, thin-film on the substrate surface. Successive 
rounds of deposition, through different physical maslcs, using the foregoing evaporative 

15 methods can be used to generate an array of reactants on a substrate or parallel synthesis. 

Molecular Beam ^taxy (MBE) is an ev^rative method that can be used 
to grow epitaxial thin-films. In this method, the films are formed on single-crystal 
substrates by slowly evaporating the elemental or molecular constituents of the film from 
sq>arate Knudsen effusion source cells (deep crucibles in furnaces with cooled shrouds) 

20 onto substrates held at temperatures S4)propriate for chemical reaction, q)itaxy and re- 
ev^^ration of excess reactants. The Knudsen effusion source cells produce atomic or 
molecular beams of relatively small diameter which are directed at the heated substrate, 
usually silicon or gallium arsenide. Fast shutters are interposed between the source cells 
and the substrates. By controlling these shutters, one can grow superlattices with 

25 precisely controUed uniformity, lattice match, composition, dopant concentrations, 
thickness and interfaces down to the l^el of atomic hym. 

hi additioii to evaporative methods, diin-films of the various leactants can 
be deposited on the substrate using glow-discharge processes in combination with 
phyacal masking techniques. The most basic and well known of these processes is 

30 sputtering, i.e., the ejection of surface atoms from an electrode surface by momentum 
transfer from bombarding ions to surface atoms. Sputt^ng or q>utter-dqx>sition is a 
term used by those of skill in tfie art to cover a variety of processes, all of which can be 
used in die methods of tiie present invention. One such process is RF/DC Glow 
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Dischaige Plasma Sputtering. In diis process, a plasma of energized ions is created by 
applying a high RF or DC voltage between a cathode and an anode. The energized ions 
from the plasma bombard die target and eject atoms which are then dq)Osited on a 
substrate. Ion-Beam Sputtering is another example of a sputtering process which can be 
S used to deposit thin-films of the various reactant components on a substrate. Ion-Beam 
Sputtmng is similar to the foregoing process except the ions are supplied by an ion 
source and not a plasma. It will be apparent to one of skill in the art that other 
guttering techniques (e.g., diode guttering, reactive guttering, etc.) and other glow- 
discharge processes can be used in the methods of the present invention to deposit thin- 

10 films on a substrate. Successive rounds of deposition, through different physical masks, 
using sputtering cr other glow-disdiarge techniques can be used to generate an array of 
reactants on a substrate for parallel synthesis. 

In addition to evaporative methods and sputtering techniques, thin-films of 
the various reactants can be deposited on a substrate using Chemical Vapor Dqx>sition 

IS (CVD) techniques in combination with physical masking techniques. CVD involves die 
formation of stable solids by decomposition of gaseous chemicals using heat, plasma, 
ultraviolet, or other energy source, or a combination of energy sources. Photo-Enhanced 
CVD, based on activation of the reactants in the gas or vapor phase by electromagnetic 
radiation, usually short-wave ultraviolet radiation, and Plasma-Assisted CVD, based on 

20 activation of the reactants in the gas or vapor phase using a plasma, are two particularly 
usdiil diemical vapor dq)osition techniques. Successive rounds of dq)osition, through 
different physical masks, using CVD technique can be used to generate an array of 
reactants on a substrate for parallel synthesis. 

In addition to evsqxMative methods, sputtering and CVD, thin-films of the 

25 various reactants can be dq)osited cm a substrate using a number of different mechanical 
techniques in combination with jdiysical masking techniques. Such mechanical 
techniques indude, for example, spraying, spinning, dipping, draining, flow coating, 
roller coating, pressure-curtain coating, brushing, etc. Of these, the spray-on and spin- 
on techniques are particularly us^iil. Sprayers which can be used to dqx)sit thin-films 

30 include, for exanq[)le, ultrasonic nozzle q>rayers, air atomizing nozzle sprayers and 
atomizing nozzle sprayers. In ultrascmic sprayers, disc-shaped ceiamic piezoelectric 
transducers covert dectrical energy into mechanical energy. The transducers recdve 
electrical input in the form of a high-frequency signal from a power supply that acts as a 
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combination osdllator/amplifier. In air atomizing sprayeiSi the nozzles intermix air and 
liquid streams to produce a completely atomized spray. In atomizing sprayers^ the 
nozzles use the energy from a pressurized liquid to atomize the liquid and, in turn, 
produce a spray. Successive rounds of deposition, through different physical masks, 
5 using mechanical techniques, such as spraying, can be used to generate an array of 
reactants on a substrate for pandlet synthesis. 

Li addition to the foregoing techniques, photolithographic techniques of the 
typ^ known in the semiconductor industry can be used. For an overview of such 
techniques, see, for example, Sze, VLSI Tecfmology, McGraw-Hill (1983) and Mead, ei 

10 a/., Introduction to VLSI Systems, Addison-Wesley (1980), which arc incorporated herein 
by reference for all purposes. A number of different photolithographic techniques known 
to those of skill in the art can be used. In one embodiment, for example, a photoresist is 
deposited on the substrate sur&ce; the photoresist is selectively exposed, 
photolyzed; the photolyzed or exposed photoresist is removed; a reactant is dqx)sited n 

IS die exposed region(s) on the substrate; and the remaining unphotolyzed photoresist is 

removed. Altemativdy, when a negative photoresist is used, the photoresist is deposited 
on the substrate surface; the photoresist is selectively exposed, i".e., photolyzed; the 
unphotolyzed {rtiotoresist is removed; a reactant is dqx>sited on the exposed region(s) on 
the substrate; and the remaining photoresist is removed. In anotho* embodiment, a 

20 reactant is deposited on the substrate using, for example, spin-on or spin-coating 

techniques; a photoresist is deposited on top of the reactant; the photoresist is selectively 
exposed, i.e., photolyzed; the photoresist is removed from the exposed region(s); the 
exposed region(s) are etched to remove the reactant from that r%ion(s); and the 
remaining unphotolyzed photoresist is removed. As with the previous embodiment, a 

25 negative photoresist can be used in place of the positive photoresist. Such 

photolithographic techniques can be repeated to produce an array of reactants on a 
substrate for parallel synfliesis. 

It will be readily apparent to Uiose of skill in the art tiiat the foregoing 
deposition tedmiques are intended to illustrate, and not restrict, the ways in which the 

30 reactants can be deposited on the substrate in the form of Oiin-films. Other deposition 
techniques known to and used by those of skill in the art can also be used. 

HG. 1 and FIG. 2 illustrate the use of the physical masking techniques 
which can be used in conjunctions with the aforementioned thin-film dqx)sition 
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techniques. More particularly, FIG. 1 illustrates one raibodimmt of the invention 
disclosed herein in which a substrate 2 is shown in cross-section. The mask 8 can be 
any of a wide variety of different matmals including, for example, polymers, plastics, 
resins, silicon, metals, inorganic glasses, etc. Other suitable mask materials will be 
readily apparent to those of skill in the art. The mask is brought into close proximity 
with, imaged on, or brought directly into contact with the substrate sur&oe as shown in 
FIG. 1. "Op^iings" in the mask correspond to regions on the substrate where it is 
desired to ddiver a reactant. The openings in the mask can take on a variety of different 
sizes and shapes. Typically, the openings are circular, rectangular or square. 
Alternatively, however, they can be linear such that the components are delivered in a 
linear fiishion from one end of the substrate to the other. This **linear'* arrangement 
facilitates screening or detection in certain instances, such as when thermoelectric 
materials are bdng discovered and optimized. Conventional binary masking techniques 
in which one-half of the mask is exposed at a given time are illustrated hereinbelow. It 
will be readily apparent to those of skill in the art, however, that masking techniques 
other than conventional binary masking techniques can be used in the methods of the 
presmt invention. 

As shown in FIG. 2A, the substrate 2 is provided with regions 22, 24, 26, 
28, 30, 32, 34, 36, 38, 40, 42, 44, 46, 48, 50 and 52. Regions 38, 40, 42, 44, 46, 48, 
50 and 52 are masked, as shown in FIG. 2B, and component A is delivered to the 
exposed r^ons in the form of a thin-film using, for example, spraying or sputtering 
techniques, with the resulting structure shown in FIG. 2C. Thereafter, the mask is 
rqx>sitioned so that i^ions 26, 28, 34, 36, 42, 44, 50 and 52 are masked, as shown in 
HO. 2D, and component B is delivered to the exposed regions in die form of a thin-film, 
with the resulting structure shown in FIG. 2E. 

As an alternative to rq)ositioning the first mask, a second mask can be 
used and, in fact, multiple masks are frequently required to generate the desired array of 
reactants. If multq>le masking stq>5 are used, alignment of the masks may be performed 
using conventional alignmmt techniques in which alignment marks (not shown) are used 
to accurately overly successive masks with previous patterning steps, or mcHe 
sophisticated techniques can lie used. Moreover, it may be desirable to provide 
separation between exposed areas to account for alignment tolerances and to ensure 
sqiaration of reaction sites so as to prevent cross-contamination. In addition, it will be 
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understood by those of skill in the art that the delivery techniques used to deliver the 
various xeactants to the regions of interest can be varied from reactant to reactant» but, in 
most instances, it will be most practical to use the same dq>osition technique for each of 
the leactants. 

S After component B has been delivered to the substrate, regions 30, 32, 34, 

36, 46, 48, 50 and 52 are masked, as shown in FIG. 2F, using a mask different from 
that used in the delivery of components A and B. Component C is delivered to the 
exposed regions in the form of a thin-film, with the resulting structure shown in FIG. 
2G. Thereafter, regions 24, 28, 32, 36, 40, 44, 48 and 52 are masked, as shown in 

10 FIG. 2H, and component D is delivered to the exposed regions in the form of a thin- 
film, with the resulting structure shown in FIG. 21. Once the components of interest 
have been delivered to appropriate predefined regions on the substrate, they are 
simultaneously reacted using any of a number of different synthetic routes to form an 
array of at least two materials. 

15 As previously mentioned, masking techniques other than conventional 

binary masking techniques can be employed with the aforementioned thin-film dq)Osition 
techniques in the methods of the present invention. For example, FIG. 3 illustrates a 
masking technique which can be employed to generate an array of materials, each 
consisting of a combination of three different components, formed from a base group of 

20 four different components. In non-binary techniques, a separate mask is employed for 
each of the different components. Thus, in this example, four different masks are 
employed. As shown in FIG. 3A, ttie substrate 2 is provided with regions 54, 56, 58 
and 60. R^on 56 is masked, as shown in FIG. 3B, and component A is delivered to 
the exposed regions in the form of a thin-film using, for example, spraying or sputtering 

25 techniques, with tiie resulting structure shown in FIG. 3C. Thereafter, a second mask is 
employed to mask r^on 54, as shown in FIG. 3D, and component B is delivered to the 
exposed i^oos in the form of a thin-film, with the resulting structure shown in FIG. 
3E. Thereafter, region 58 is masked using a third mask, as shown in FIG. 3F, and 
component C is delivered to the exposed regions in the form of a thin-film, with the 

30 resulting structure shown in HG. 3G. Finally, a fourth mask is raiployed to mask 

region 60, as shown in FIG. 3H, and component D is ddivered to the exposed regions in 
the form of a ttiin-film, with the resulting structure diown in FIG* 31. Once the 
components of interest have been delivered to appropriate predefined regions on the 
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substrate, they are simultaneously reacted using any of a number of different synthetic 
routes to form an array of four different materials. 

FIG. 4 illustrates another masking technique which can be onployed to 
generate an array of materials, each consisting of a combination of three different 
5 components, formed from a base group of six different components. As shown in FIG. 
4A, the substrate 2 is provided with regions 62, 64, €6, 68, 70, 72, 74, 76, 78, 80, 82, 
84, 86, 88, 90, 92, 94, 96, 98 and 100. Regions 64, 68, 72, 76, 80, 84, 88, 92, 96 and 
100 are masked, as shown in FIG. 4B, and component A is delivered to the exposed 
regions in the form of a thin-film using, for example, graying or sputtering techniques, 

10 with the resulting structure shown in FIG. 4C. Thereafter, a second mask is employed 
to mask regicms 62, 66, 72, 74, 80, 82, 88, 90, 96 and 98, as shown in FIG. 4D, and 
component B is delivered to the exposed regions in the form of a thin-film, with the 
resulting structure shown in FIG. 4E. Thereafter, regions 64, 66, 70, 74, 78, 82, 86, 
92, 96, and 100 are masked using a third mask, as shown in FIG. 4F, and component C 

IS is delivered to the exposed regions in the form of a thin-film, witii the resulting structure 
shown in FIG. 4G. Theareafter, a fourth mask is employed to mask regions 64, 66, 70, 
76, 78, 84, 88, 90, 94 and 98, as shown in FIG. 4H, and component D is delivered to 
the exposed regions in the form of a thin-film, witii die resulting structure shown in FIG. 
41. Thereafter, regions 62, 68, 70, 74, 80, 84, 86, 90, 94 and 100 are masked with a 

20 fifth mask, as shown in FIG. 4J, and component E is delivered to the exposed regions in 
the form of a thin-film, with the resulting structure shown in FIG. 4K. Finally, a sixth 
mask is employed to mask regions 62, 68, 72, 76, 78, 82, 86, 92, 94 and 98, as shown 
in FIG. 4L, and compcment F is delivered to the aposed regions in the form of a tiiin- 
film, witii the resulting structure shown in FIG. 4M. Once the componoits of interest 

25 have been deUvered to appropriate predefined regions on die substrate, they are 

simultaneously reacted using any of a number of differmt synthetic routes to form an 
array of 20 different materials. 

It will be readily apparent to those of skill in the art that prior to reacting 
tiie foregoing componrats, an additional reactant component can be delivered to die 

30 predefined regions on the substrate in a gradient of stoichiometrics. For example, once 
tiie six components have been delivered to appropriate predefined regions on the 
substrate, a seventh component can be delivered in a gradient foshion across the entire 
substrate or across portions of the substrate. The sevendi component can, for example, 
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be dqx)sited through an appropriate mask from left to right a$ a gradient layer ranging 
from about 100 A to 1,000 A in thickness. Thereafter, the reactant componaits can be 
simultaneously reacted using any of a number of different synthetic routes to form an 
array of differmt materials. 

S In addition, it will be readily apparent to those of skill in the art that 

alternative masking techniques can be employed to generate an array of materials, each 
consisting of a combination of 3 or more components, formed from a base group of four 
or more components. In fact, the present invention provides a general method which can 
be used to generate combinatorial masking patterns for experiments involving the use of 

10 distinct groups of reaction components, wherein the members of each group are related 
in such a way that it would not be desirable for them to interact with one another. In 
this method, a vector is used to represent each of the subgroups of components. For 
example, a subgroup of components, such as the lanthanides, is represented by a vector 
A. = [A,. Aj, A3, .... AJ = [La, Y, Ce, .... Lu), wherein m ranges from 1 to p, and 

IS p is die total number of members within the subgroup. It should be noted that the 
componmts can be placed in any order. Moreover, if a particular component of a 
subgroup is present at different stoichiometrics, each of the different stoichiometrics 
would be represented in the vector {e.g. , A^^ would correspond to a different 
stoichiometry than A|.i). 

20 Once each of the subgroup of components is represented by a vector, a 

dyad of vectors is formed. For example, if there were two subgroups of components, 
e.g., subgroup A and subgroup B, the vector rqmsenting the A subgroup of components 
would be written A. = [Aj, A^, A3,.... AJ, and the vector representing the B subgroup 
of components would be written B^ « [B„ B^, B3,.... BJ. A dyad of these two vectors 

25 would be written Aja^. This dyad is equal to the tensor of second order illustrated 
below. 



30 



A,Bi 
A,B, 
A.B, 



A2 B2 *■' 
A„ Bj ... 



A,B, 
A.B, 
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The dyad of vectors A. and B„ results in producing all of the combinations 
between the oomponrats in subgroup A and the components in subgroup B. If the above 
dyad is written in vector form, i.e., = [A|B|, A|B2,...AiB^, A^Bi, A2B2,.«.A2B||, 
A»Bi, A.B3,...A.3J> suid another dyad is formed between this vector and a vector = 
5 [Ci, Cj, ...CJ, rqvesenting subgroup C, then the following matrix containing every 
ternary combination between subgroups A, B and C is formed. 
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IS As such, given subgroups A., B., C;, D^, all of Ae combinations using 

one component from each group can t>e gmmted in an array format using the following 
method: 

A. In the array, each subgroup will dther be deposited along a 
row or along a column of the array. Therdore, the subgroups which correqx>nd to the 

20 rows and the subgroups which correspond to the columns must be selected. The choice 
of subgroups will not alter the number of sites in the array, but it will affect the shape of 
the array. For example, either a 4 x 4 array or a 16 x 1 array can be created without 
altering the total number of sites in the array. Typically, the choice of geometry will 
dq>end on the ccmfiguration available for the library. 

25 B. The rest of the method involves fiorming dyads within the Row 

dust^ and Colunm cluster as illustrated above with subgroups A, B, and C. It should 
be noted that every dyad in array form is converted to a vector form before proceeding 
to form the next dyad. There will be a point where only one vector will be present in 
each of the dusters. These vectors can be designated die Row and Column vectors, 

30 respectivdy. When a dyad is formed between the Row and Colunm vectors, the 
resulting array is the final format of the combinatorial library. 
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C. The ider of components within any of the vectors or arrays 
does not affea the resuU, but it does alter the masking patterns needed to generate the 
same xesult If the final array of combinations is arranged as illustrated in the above 
example using subgroups A, B and C, then only masks with bars along columns or rows 

S will be needed to create a combinatorial library. 

In non-mathematical terms, choosing subgroups requires that all of the 
elements in a subgroup be deposited side by side across either the rows or the columns of 
the library. With a group of 4 elements, for example, the array would be subdivided 
into quadrants along either the rows or columns and then each component would be 

10 deposited in one of the quadrants. If the rows or columns were already subdivided into 
let us say thirds, then each of those thirds would be subdivided into quadrants and all 4 
components would be deposited evenly across each of the three larger subdivisions. 

It will be readily apparent to those of skill in the art that the foregoing 
method can be used to generate combinatorial masking patterns for any experiment, 

IS given a set of predefined components. 

B. DeUven Vsinp A Dispenser 

In addition to the foregoing delivery techniques, dispensers can be utilized 
to genexatt diverse combinations of reactant components in the form of droplets or 

20 powder on a single substrate. As ejq>lained above, commercially available 

midopipettiiig apparatus can be a4? p>«^ to dispense droplet volumes of 5 nanoliters or 
smaller from a capillary. Such droplets can fit within a reaction region having a 
diameter of 300 /an or less when a non-wetting mask is employed. In some 
embodiments, the mioopipette is accurately and precisely positioned above the reaction, 

25 as described below, before the reactant solution is dqx>sited. 

In a different preferred embodiment, the present invention employs a 
solution dqx>siting q>paratus that resembles devices commonly mployed in the ink-jet 
printing field. Such ink-jet diqxaisers include, for example, the pulse pressure type, the 
bubble jet type and the slit jet typo. In an ink-jet di^ser of the pulse pressure type, 

30 the printing ink is jetted from a nozzle according to a change in pressure applied by a 

piezoelectric device. In an ink-jet dispenser of the bubble jet type, bubbles are generated 
with heat generated with a reastance device embedded in a nozzle, and printing ink is 
jetted by using the force due to the e)q)ansion of a bubble. In an ink-jet dispenser of the 
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slit jet type, printing ink is filled within a slit-like orifice wherein xeconling electrodes 
are aligned in conespondmce to pixds, and a DC voltage pulse is applied between a 
xeconling electrode and a counter electrode arranged behind a recording paper. In this 
system, the printing ink around the top of the record electrode is charged electrically so 
S that the ink is ejected towards the recording paper with an electrostatic force to record a 
dot on the paper. 

Such ink-jet printers can be used with minor modification by simply 
substituting a reactant containing solution or reactant containing powder for the ink. For 
example, Wong, et al., European Patent Application 260 965, incorporated herein by 

10 reference for all purposes, describes the use of a pulse pressure type ink-jet printer to 

apply an antibody to a solid matrix. In the process, a solution containing the antibody is 
forced through a small bore nozzle that is vibrating in a manner that fragments the 
solution into discrete droplets. The droplets are subsequentiy charged by passing through 
an dectric field and then deflected onto the matrix material. 

15 For illustrative purposes, a conventional ink drop printer of the pulse 

pressure type includes a reservoir in which ink is held under pressure. The ink reservoir 
feeds a pipe which is connected to a nozzle. An electromechanical transduce is 
employed to vibrate the nozzle at some suitably high frequency. The actual structure of 
the nozzle may have a number of different constructions, including a drawn glass tube 

20 which is vibrated by an external transducer, or a metal tube vibrated by an external 
transducer (e.g., a piezoelectric oystal), or a magnetostrictive metal tube which is 
magnetostrictively vibrated. The ink accordingly is ejected from the nozzle in a stream 
wfaidi shordy thereafker breaks into individual drops. An electrode may be presmt near 
the nozzle to impart a charge to the droplets. 

25 A schematic drawing of an ink drop dispenser of the pulse pressure type 

(such as is described in U.S. Patent Nos. 3,281,860 and 4,121,222, which are 
incorporated by reference herein for all purposes) which may be employed in the present 
invention is shown in HG. 5. This apparatus comprises a reservoir 210 which contains a 
solution undo- pre»ire. Tubing 212 is connected to the tescrvcix 210 and terminates in 

30 a metal nozzle 242. Nozzle 242 is disposed within a hole provided in piezoelectric 
crystal 240. The end of the metal tube and of die piezoelectric crystal are made to 
c<»ndde. The tubing and the piezoelectric crystal are soldmd togedier U> form a 
permanent waterproof attachment. The coinddmt ends of the costal and the tubing are 
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covered with a washer 244 which is tamed an orifice washer. This washer has an 
opening 246 drilled therethrough through ^ich the solution is emitted under pressure. 
A source of oscillations 218 is connected between the outside of the metal tubing 242 and 
the outside of the piezoelectric crystal 240. The construction is sue* that hermetic 
5 sealing can be employed which protects against electrochemical and atmospheric attack of 
the components. 

The piezoelectric crystal 240 is vibrated substantially at the frequency of 
the source of oscillations causing the tubing and nozzle to vibrate whereby the soluticMi 
stream breaks down into droplets 246. A signal source 224 which is synchronized by the 

10 source of oscillations is connected between the nozzle and the charging cylinder 226. As 
a result, each of the drops, which should be substantially the same mass, receives a 
charge, the amplitude of which is determined by the amplitude of the signal applied from 
the source 224 and the charging cylinder 226. 

The charged drops, after passing through the charging cylinder, pass into 

15 an dectric field whidi is estabUshed between two plates respectively 230 and 232 which 
are connected to a fidd potential source 234. As a result of the action between the field 
and the charge of eadi drop, the drops are deflected from their center line path between 
the plates in accordance with the charge which they carry. Thus, when they fall on an 
optionally moving writing medium 236, a deposition pattern occurs on the writing 

20 medium representative of the information in the signals. 

Although the ink-jet printer of the pulse pressure type has been described 
in greato^ detail herein for purposes of illustration, it will be readily apparmt to those of 
ddll in the art that ink-jet printers of the bubble jet type and the slit jet type can also be 
used, with only minw modifications, to deliver reactant components to predefined 

25 regions on the substrate. Moreover, although the foregoing discussion refers to a single 
nozzle, in a prefored embodiment, ink-jet printers having multiple nozzles are used to 
deliver multiple reactant components to a single predefined r^on on the substrate or, 
alternatively, to multiple predefined regions on the substrate. In addition, as 
improvements are made in fidd of ink-jet printers, such improvemmts can be used in the 

30 methods of die present invention. 

In other embodiments, the reactant solutions can be ddivered from a 
reservoir to tiie substrate by an dectroph retic pump. In such a device, a thin capillary 
connects a reservoir of the reactant witii the nozzle of the dispenser. At both ends of the 
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capillary, electrodes are present to provide a potential difference. As is known in the 
art, the speed at which a chemical species travels in a potential gradient of an 
electnyphoretic medium is governed by a variety of physical properties, including the 
charge density, size, and shape of the species being transported, as well as the physical 
and chemical properties of the transport medium itself. Under the proper conditions of 
potential gradient, capillary dimensions, and transport medium rheology, a hydrodynamic 
flow will be set up within the capillary. Thus, bulk fluid containing the reactant of 
interest can be pumped from a reservoir to the substrate. By adjusting the appropriate 
position of the substrate with req[)ect to the electrophoretic pump nozzle, the reactant 
solution can be precisely delivered to predefined reaction regions on the substrate. 

Using the aforementioned dispenser systems, the reactants can be delivered 
to predefined regions on the substrate either sequentially or simultaneously. In a 
presently preferred embodiment, the reactants are simultaneously delivered to either a 
single predefined region on the substrate or, alternatively, to multiple predefined regions 
on the substrate. For example, using an ink-jet dispenser having two nozzles, two 
diffierent reactants can be simultaneously delivered to a single predefined region on the 
substrate. Alternatively, using this same ink-jet dispenser, a reactant can be 
simultaneously delivered to two difiFerent predefined regions on the substrate. In this 
instance, the same reactant or, alternatively, two different reactants can be delivered. If 
the same reactant is delivered to both of the predefined r^ions, it can be delivered in 
either the same or different amounts. Similarly, using an ink-jet dispenser having eight 
nozzles, for example, eight different reactants can t>e simultaneously delivered to a single 
predefined region on the substrate or, alternatively, eight reactants (either the same or 
different) can be simultaneously delivered to eight different predefined r^ons on the 
substrate. 

VI. Multi-Target, Thin-FUm Deposition Systems 

The reaction systems used in carrying out the previously described thin- 
film dqiosition techniques can vary widely and will depend, in large part, on which thin- 
film dq)osition tedmique is being employed. The present invention provides a number 
of different multi-target, fliin-film dqmsiticm systems niAiich can be used in carrying out 
the methods of die present invention. Many embodiments and variatims of the systems 
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disclosed hefdn will become aqpparent to those of skill in the art upon review of this 
disclosure. 

A. A Sputtering System With A Carrousel 

5 An example of an eight RF magnetron sputtering gun ^stem which can be 

employed in the methods of the present invention is illustrated in FIG. 6. This system 
comprises eight RF magnetron sputtering guns 110, each of which contains a reactant 
component of interest. The eight RF magnetron guttering guns are located about 2 to 
about 5 inches above a disk 112 containing thereon eight masking patterns 114 as well as 

10 right film-thickness monitors 116. In this system, the eight RF magnetron sputtering 

guns as well as the disk are fixed. The substrate 118, however, is coupled to a substrate 
manipulator 120 which is capable of linear and rotational motion and which engages the 
substrate with the particular mask of interest so that the substrate is in contact with the 
mask when the sputtering begins. Combinations of the eight components are generated 

15 on the substrate by the sequential deposition of each component through its respective 
mask. This entire system is used in vacuo. 

It is also possible to give the disk 112, which contains thereon the eight 
masking patters 114, rotational motion, thereby providing the flexibility needed to match 
any of the 8 reactant components with any of the eight masking patterns 114. With this 

20 flnibili^, it would be advantageous to increase the capacity of the disk 112 to more than 
dght masking patterns 114 so that a reactant component can be dqx>sited through 
multiple masking patterns. This is particulariy useful when different film thicknesses f 
a given reactant component are needed at different sites within the library. In addition, 
tins system can be converted from a polar coordinate system to a X-Y coordinate system 

25 wherein the sputtering guns, the masks and the substrate are in a rectangular 
configuration. 

B. A guttering System with A CassetU 

An altmative design for a combinatorial q)uttering system is illustrated in 
30 FIG. 7, This system comprises eight RF magnetron sputtering guns 110, eadi of which 
containsarcactantcoraponent of interest, inserted from the side f Uie reaction chamb^ 
in a complete circle. The substrate is attached to a shaft 130 having linear and rotational 
motion. As such, during dq>osition, the substrate can be translated and rotated to face 
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any one of the eight RF nu^^n sputtering guns 110. The substrate is located within 
a substrate holder 132 which, in addition to holding the substrate, also locks one 
secondary masking pattern 134 firmly above the substrate 118 (the primary mask is the 
grid which defines the size and density of the reactions sites on the substrate and which 
5 is held fixed during the entire experiment). After dqxisition of a reactant component, a 
manipulator 138 is used to remove the secondary mask, to place it in a cassette 140, to 
remove the next desired secondary mask, and to place this mask above the substrate 
holder 132. The locking mechanism on the substrate holder will assure the alignment of 
the mask preferably within 25 iim, (It will be readily apparent to those skilled in the art 

10 that there are multiple schemes and designs for locking mechanisms which will align a 
substrate to a mask with an accuracy bettn* than 25 /im.) In the configuration illustrated 
in FIG. 7, the manipulator 138 has linear motion in the vertical direction, and the 
cassette 140 has linear motion in the horizontal direction. With this format, the 
manipulator 138 can be used to translate any of the secondary masks in the cassette 140. 

IS This design applies preferably to the use of 2 masks, more preferably to the use of 8 

masks, even more prderably to the use of 20 masks, and still more preferably to the use 
of more than 20 masks. Using this system, all of the reactant components of interest can 
be deposited through distinct masking patterns, thereby creating a combinatorial library 
of layered thin-film precursors. 

20 

C A Pulsed Laser DnfosHion Sysiem With A Cassette 

A system related to the one described above is that of the pulsed laser 
deposition system having a cassette exchange mechanism. This design is illustrated in 
FIG. 8. The reactant components are placed in a carrousel wheel which can hold at least 

25 4 reactant components and, more preferably, at least 8 reactant compcments. An 

alternative zppioBdti is to place each reactant component on a different face of a polygon 
142 {see, FIG. 8). If, for example, the polygon is a decagon, then ten reactant 
components can be mounted }xpon it. With either design, the goal is to be able to rapidly 
move a reactant component in front of a laser beam 144 for a specific period of time, 

30 and then change reactant components almost instantaneously. In the carrousel 

embodiment, the reactant components can be quickly rotated to intersea die laser beam 
144. In the polygon embodiment, the reactant components can be interchanged by 
spinning the desired polygon face to the front where the laser beam 144 is fixed. 
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In comparison to sputtering thin-film deposition techniques, pulsed laser 
thin-film dq)osition techniques provide greater flexibility and speed in terms of 
interchanging tfie leactant components, but have reduced uniformity over areas greater 
than 1 cm^. However, several techniques are currently being used with lasm to yield 
S uniform surfaces of up to 100 cm\ The first and most conmion of such techniques is to 
move the substrate in a planetary motion during the deposition of a reactant component. 
The planetary motion insures that the plume of material ejected by the reactant 
component is qmad evenly throughout the substrate. The cost of moving the sub^te 
during deposition is a reduction in speed since, in effect, many 1 cm^ depositions are 

10 required to evenly cover a circle of, for example, S cm in diameter. 

Another approach to achieving uniformity over large areas during the 
dq)Osition of thin-films is a technique that uses a rastered laser beam. In this design 
illustrated in HG. 8, a programmable mirror 146 allows the laser beam to be rastered 
over the entire diameter of the ablation target, i.e. , the reactant component. By varying 

15 die speei of the rastering laser l>eam as a function of position, the ablation plume can be 
generated for longer periods of time near the outer edge of the substrate to yield uniform 
films. This technique also has the advantage of always producing a consistent plume as a 
function of time. 

For the system illustrated in FIG. 8, the substrate is mounted on a shaft 
20 130 which can be rotated and translated vertically. Moreover, in addition to using a 
rastering laser beam, each ablation target, reactant component, rotates so as to 
expose the entire surface of the target to the laser beam. This improves the uniformity 
of the dq)Osition for areas greater than 1 square inch. As described above with respect 
to the system illustrated in FIG. 7, the substrate is placed within a sample holder 132, 
25 and a secondary mask 134 is attached to the substrate holder 132 above the substrate. 
The secondary mask 134 is aligned correctly with the substrate through the use of a 
locking mechanism. The accuracy of the locking mechanism should preferably be better 
than 25 fim. In between deposition stq>s, a mask is interchanged, without breaking the 
vacuum, with one of the other secondary masks held in the cassette within the reaction 
30 chamber. The general procedure used to exchange the masks was described above. 
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D. A Pulsed Laser Deposition System With A Sliding & Shutter Masking 
System 

When Bbraries containing more than 1,000 materials are structured to only 
5 contain ternary, quaternary and quinteoary materials, for example, the number of 

di^rent masking stqn invoWed can easily reach 30. Moreover, each library will likely 
require the use of some original masking patterns. Thus, it would be advantageous to 
have a system which has the ability to create one of hundreds of different masking 
patterns in front of a substrate, each within a few seconds. Such a system is illustrated 
10 in FIG. 9. 

In this design, the reactant component targets and laser can be configured 
as illustrated in FIG. 9. The substrate in a substrate holder 132 is attached to a shaft 130 
which has translation capabilities in tiie X, Y and Z directions as well as rotational 
cq»bilities. The substrate is placed below a fixed plate with an aperture 150 which wUl 

15 preferably be greats than 1 cm^, more preferably greater than 6 cm', and most 
preferably greater tfian 50 cm*. Above the aperture plate 150 is a flat sheet 152 
containing thereon multiple masks. This sheet 152 is attached to a manipulator or shaft 
130 which can translate any mask directly over the i4)erture plate 150. Typically, there 
is little or no space between die q>erture plate 150 and die sheet 152. 

20 One of die masks on the sheet 152 will consist in its most goieral form of 

nine squares, each of which is approximatdy of die same dimensions as tiie aperture in 
die aperture plate 150. Only die middle square is empty. This mask is shown in HG. 
lOA. When attached to a flat sheet which can be translated in die X and Y directions, 
flus mask effectively becomes an xnr shutter mask. As such, it can create different size 

25 squares, rectangles, 'L' shapes and bars in eiflier die X or Y directions. Given tiat die 
substrate can also translate in die X and Y directions, a two shutter mechanism is formed 
in diis configuration. It can readily be seen by diose sJdBed in die art diat tiiere are 
odier arrangements (such as an 'V shaped mask instead of a square mask) which can 
create a two shutter system diat performs as die one described herein. 

30 Using die X/Y shutter mask and substrate combinatira, hundreds of 

different masking configurations can be generated, each widiin a few seconds. For 
example, die 5 masking patterns set fordi in FIG. lOB create 5 sqiarate columns along a 
substrate for 5 different reactant components. This identical design can be executed widi 
die X/Y shuttn mask by first sliding die mask to die right to form an opening 1/5 die 



05/11/2004, EAST Version: 1.4.1 



wo 9^11878 PCT/US95/13278 

42 

size of the substrate, with the right side of the aperture plate (as shown in the first niask 
in FIG. lOB), and then moving the substrate to the left after every dqx>sition. Thus, in 
the same numbo* of deposition stq>s, i.e., 5, an identical pattern is created without th 
need to »change masks. Moreover, when a thickness gradient of one component across 
S the library is desired, the X/Y shutter can, for example, be translated at a constant speed 
from light to left as shown in FIG. IOC. 

The foregoing X/Y shutter system can advantageously be used in 
combination with more traditional binary masking techniques. For example, when the 
mask set forth in FIG. lOD is translated across the substrate, 5 different components are 

10 dqwsited in each half of the substrate. However, with the X/Y shutter system, twice the 
number of steps are needed. Therefore, it is frequently advantageous to incorporate 
binary masks in addition to the X/Y shuuer on the flat sheet 152 which sits directly 
above the aperture plate 150. An example of such a sheet configuration is illustrated in 
FIG. 11. Nodce that by rotating the substrate 90^, it is possible to apply the masking 

15 patterns in both the X and Y directions which reduces the number of necessary masks by 
half. If the sheet is fixed in one-dimension (e. the X direction), the substrate must l>e 
given a roational d^ree of freedom so that it can be roated 90"^. 

In addition to being used in combination with traditional binary masking 
techniques, the X/Y shutter system can be advantageously used in combination with other 

20 masking techniques. In paticular, it can be used with the previously described method 
for generating masking strategies for experiments involving the use of distinct groups f 
reaction components, wherein the members of each group are related in such a way that 
it would not be desirable for them to interact with one another. The following sets forth 
an example of how tiiis can be carried out. 

25 In this example, there are three groups of reactant components, 

f.e., group 8, group 5 and group 3, each of which contains 8, 5, and 3 elements, 
respectively. Moreover, gxoap 8 has 5 settings per element, group 5 has 3 settings per 
demmt, and group 3 has 1 setting per element. As such, the number of reaction sites 
on the array would be 1800 or (8 x 5) x ( 5 x 3) x (3 x 1). To prepare an array having 

30 1800 reaction sites, one could use a rectangular substrate having 40 rows running across 
the width of the substrate, and 45 columns running down the lengtii of the substrate. 
Group 8, having 8 elements and 5 settings per element, would be deposited along the 
rows, whereas group 5, having 5 elements and 3 settings per elraient, and group 3, 
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having 3 elements and 1 setting pa: element, would be deposited along the columns. 
Using the laser system described in HO. 9 and assuming the dq)osition time is about 5 
A/s for a 1* X 1" area and the deposition thichness for each layer is 2 A, the number of 
masking stq>s required would be 34 for a total deposition time of 23 minutes. This value 
S does not take into account the transfer time needed to exchange the 34 masks. Using the 
X/Y shutter system described above, 90 steps would be required for a total dqx>sition 
time of 1 hour. However, using two masks in combination with the X/Y shutter system, 
the number of masking steps required would be reduced to SO and the deposition time 
would be reduced to 33 minutes. 

10 The foregoing is an example of the many different multi-target, thin-film 

dqx>sition systems which can be used in carrying out the methods of the present 
invention. Such systems provide general strategies and designs for the systems used to 
generate combinatorial libraries of layered thin-film materials. It will be readily apparent 
to those of skill in the art that the foregoing systems can be modified and optimized in 

IS minor ways to work with any of the different thin-film deposition techniques. 

VIL Moving The Dispenser With Respect To The Substrate 

To dqx>sit reactant droplets consistently at predsdy specified r^ons 
using a disposer, a frame of reference commcm to the delivery instrument and the 

20 substrate is required. In other words, the reference coordinates of the instrument must 
be accurately mapped onto the reference coordinates of the substrate. Ideally, only two 
reference points on the substrate are required to completely map the array of reaction 
regions. The dispenser instrument locates these reference points and then adjust its 
int^nal reference coordinates to provide the necessary mapping. After fliis, the 

2S dispenser can move a particular distance in a particular direction and be portioned 
directly over a known r^ion. Of course, the dispenser instrument must provide 
pKdstiy repeatable movements. Further, the individual r^ons of the array must not 
move witti respect to the refierence marks on the substrate after die refermce marks have 
been formed. Unfortunately, pressing or other mechanical operations commonly 

30 encountered during fid>ricati(Hi and use of a substrate may warp the substrate such that 
± correspondence between At refierence marks and the reaction regions is altered. 

To allow for this possibility, a substrate containmg both "global" and 
"local** referaice marks is preferably enq>loyed. In preferred embodiments, only two 
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global lefierence marks are conveniently located on the substrate to define the initial 
frame of refierence. When diese points are located, the dispenser instrument has an 
approximate map of the substrate and the predefined regions thmin. To assist in 
locating the exact position of the regions, the substrate is further subdivided into local 
S frames of reference. Thus, in an initial, ^'course* adjustment, the dispenser is positioned 
widiin one of the local frames of reference. Once in the local region, the dispensing 
instrummt looks for local reference marks to defme further a local frame of referrace. 
From these, the dispenser moves exactly to the reaction region where the reactant is to 
be deposited. In this manner, the effects of waxpage or other deformation can be 

10 minimized. The number of local refermce marks is determined by the amount of 

deformation expected in the substrate. If the substrate is sufficiently rigid so that little or 
no deformation will occur, very few local reference marks are required. If substantial 
deformation is expected, howev^, more local reference marks are required. 

Starting at a single reference point, the micropipette or other dispenser is 

IS translated from one reaction r^ion to another reaction region on the substrate by a 
correct distance in the correct direction (this is the "dead reckoning" navigational 
technique). Thus, the dispenser can move from region to region, di^nsing correctly 
metered amounts of reactants. In order to initially locate the reference point and align 
the dispenser directly over it, a vision or blind system can be employed. In a vision 

20 system, a camera is rigidly mounted to the dispenser ru)zzle. When the camera locates 
the refoence point(s), the dispenser is known to be a fixed distance and direction away 
from the point, and a frame of reference is established. Blind systems locate the 
reference point(s) by capacitive, resistive, or optical techniques, for example. In one 
example of an optical technique, a laser beam is transmitted through or reflected from 

25 the substrate. When the beam encounters a reference mark, a change in light intensity is 
detected by a sensor. Qqiacitive and resistive techniques are similarly applied. A sensor 
roisters a change in cqndtance or resistivity when a rdierence point is encountered. 

For purposes of this invention, the spacing between the individual regions 
will vary in accordance with the size of the regions used. For example, if a 1 mni^ 

30 r^on is used, the spacing between the individual r^ons will preferably be on the order 
of 1 mm or less. If, for example, a 10 litv? region is used, the placing between the 
inctividual regions will preferably be on the order of 10 lan or less. Further, the angular 
relation between the cells is preferably consistent, to within 0.1 degrees. Of course, the 
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photolithographic or otfier process used to define th arrangement of cells will accurately 
define the angle and spadng. However, in subsequent processes pressing 
processes), the angle can be distorted. Thus, in some embodiments, it may be necessary 
to employ "local" reference points throughout the array. 
5 Ttanslational medianisms capable of moving with the desired precision are 

prefimbly equipped with position feedback mechanisms encoders) of the type used 
in devices for semiconductor device manufiaicturing and testing. Such mechanisms will 
prefeisd>ly be closed loop systems with insignificant backlash and hysteresis. In 
preferred embodiments, the translation mechanism will have a high resolution, i.e., 

10 greater than five motor ticks p^ encoder count. Further, the electro-mechanical 

mechanism will preferably have a high repeatability relative to the region diameter travel 
distance (preferably, ± 1-5 ftm). 

To dqx>sit a drop of leactant solution on the substrate accurately, the 
diq)enser nozzle must be placed a correct distance above the surface. The dispenser tip 

IS preferably should be located about .1 cm to about 6 cm above the substrate surface when 
the drop is released. The degree of control necessary to achieve such accuraqr can be 
attained with a rq>eatable high-resolution translation mechanism of the type described 
above. In one embodiment, the height above the substrate is determined by moving die 
di^ns^ toward die substrate in small increments, until the dispenser tip touches the 

20 substrate. At this point, the diq)enser is moved away from the surface a fixed number of 
increments which c or res p o n ds to a specific distance. From there, the drop is rdeased to 
the cell below. Prefrably, toe increments in which the dispenser moves will vary in 
accordance with the size of the r^ons used. 

Jn an alternative enibodimmt, the dispenser nozzle is encircled by a sheath 

25 that rigidly extends a fixed distance beyond the di^s^ tip. Preferably, this distance 
conesponds to the distance at which the solution drop will fell when delivered to the 
selected reaction r^cm. Thus, when the sheath contacts the substrate sur&ce, the 
movement of the dispenser is halted and the drop is released. It is not necessary in this 
embodiment to move the dispenser bade, away firom the substrate, after contact is made. 

30 In this embodiment, as well as the previous embodiment, the point of contact wito the 
surface can be determined by a variety of techniques such as by monitoring toe 
capacitance or reastance between toe tip of toe diq)enser (or sheato) and to substrate 
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below. A n^id change in either of these properties is observed upon contact with the 
surface. 

To this point, the dispenser delivery system has been described only in 
terms of translational movements. However, other systems may also be employed. In 
one embodiment, the diq)enser is aligned with respect to the region of int^est by a 
systrai analogous to that employed in magnetic and optical storage media fields. For 
example, the region in which reactant is to be deposited is identified by a track and 
sector location on a disk substrate. The dispenser is then moved to the a^yprppriate track 
while the disk substrate rotates. When the appropriate cell is positioned bdow the 
dispenser (as referenced by the appropriate sector on the track), a droplet of reactant 
solution is released. 

Control of the droplet size may be accomplished by various techniques 
known to those of skill in the art. For example, in one embodiment, a conventional 
micropipetting instrument is adapted to dispense droplets of five nanoliters or smaller 
from a capillary. Such droplets fit within regions having diametm of 300 ftm or less 
when a non*wetting mask is employed. 

Although die above embodiments have been directed to systems employing 
liquid droplets, minuscule aliquots of each test substance can also be delivered to the 
reaction region as powders or miniature pellets. Pellets can be formed, for example, 
from the compound or component of interest and one or more kinds of inert binding 
material. The compontion of such binders and methods for the prqiaration of such 
"pellets'* will be apparent to those of skill in the art. Such "mini-pellets'* will be 
compatible with a wide variety of test substances, stable for long periods of time and 
suitable for easy withdrawal from the storage vessel and dispensing. 

VI. Synthetic Routes For Reacting The Army of Components 

Once the array of components has been delivered to predefined regions on 
the substrate, the components can be simultaneously reacted using a number of different 
synthetic routes. The components can be reacted using, for exanq>le, solution based 
synthesis techniques, photochemical techniques, polymerization tedmiques, template 
directed synthesis techniques, qntaxial growth techniques, w by the sol-gel process, by 
thermal, infrared or microwave heating, by calcination, sintering or annealing, by 
hydrotiiermal methods, by flux methods, by crystallization through va^rization of 
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solvent, etc. Other useful synthesis techniques will be apparent to those of skill in the 
art upon review of this disclosure. Moreover, the most appropriate synthetic route wiU 
depend on the class of materials to be synthesized, and the selection in any given case 
will be readily apparent to those of skill in the art. In addition, it will be readily 
S qypaient to those of skill in the art that, if necessary, the reactant components can be 
mixed prior to being reacted using, for example, ultrasonic techniques, medianical 
techniques, eic. Such techniques can be applied directly to a given predefined r^ion on 
the substrate or, altmiatively, to all of the predefined regims on the substrate in a 
simultaneous fashion (e.^. , the substrate can be mechanically moved in a manner such 

10 that the components are effectively mixed). 

Traditional routes to solid-state synthesis involve the sintering of solid 
reactants. The standard method used to synthesize superconductors, for example, is to 
grind several metal-oxide powders together, compress the mixture and, thereafter, bake 
at a temperature ranging from 800** C to about 1000* C. The elements in the powder 

IS mixture sinter, th^ react diemically to form new compounds and fiise into a solid, 
witfiout passing through the liquid or gaseous phase. Gaseous dements, such as oxygen, 
can be taken up during sintering or, alternatively, in a subsequent step, and the pressure 
of the system can be varied during the synthesis process. Unfortunately, using 
traditional sintmng techniques, reaction rates arc limited by the slow diffusion of atoms 

20 or ions through solid reactants, intermediates and products. Moreover, high 

traipmtures are frequent^ required to accdmte diffusion and to thermodyiuunically 
drive the formation of a stable phase. 

In contrast to such traditional routes, in the present invention, new routes 
to soUd-synthesis focus cm the synthesis of compounds at lower temperatures. It has 

25 bem found that reaction rates can be increased at lower temperatures by drastically 
shortening the distance required for diffusion of the reactants and by increasing the 
sur£Eu:e to volume ratio. This can be achieved by depositing tiie reactants on die 
substrate in the form of very thin-films or, altemativdy, by using solution based 
synthesis techniques wherdn the reactants are ddivered to the substrate in the form of a 

30 solution. Moreover, when the synthesis reaction is to be carried out at a temperature 
ranging from about 200* C to about 600* C, a molten salt can be employed to dissolve 
the reactant components. This technique is generally referred to as die flux method. 
Similarly, in a hydrothmnal method, water or other polar solvent containing a soluble 
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inoiganic salt is employed to dissolve the leactant components. The hydrothermal 
method is usually carded out under pressure and at a temperature ranging from about 
IW C to about 400*" C. Moreover, using the various synthetic routes of the present 
invention, the array of reactant components can be pressurized or dq)ressurized under an 
S inert atmosphere, oxygen or other gas. In addition, in die synthetic routes of the present 
invention, various regions on the substrate can be exposed to different heat histories 
using, for example, laser thermolysis, wherein bursts of energy of a predetermined 
duration and intensity are delivered to target regions on the substrate. 

In fact, in another embodiment of the present invention, the predefined 
10 regions on a substrate can be subjected to different reaction temperatures by 

independently heating the predefined regions using a thin-film resistive element. In this 
embodimmt, a resistive element, such as tungsten, is deposited on a clean substrate using 
any one of the previously described thin-film deposition techniques. The resistive 
element is deposited, for example, in strips along the rows or columns of predefined 
IS regions. Each strip is connected to an electrical lead which is attached to a power 
supply. The temperature of the predefined regions can be regulated by varying the 
power input to a given strip. In general, any conductive material having a melting point 
higher than the temperature at which the reaction is to be carried out can be used as the 
resistive element. Suitable materials include, but are not limited to, metals, alloys, and 
20 ceramics. Examples of such mai^ials include, but are not limited to, indium doped tin 
oxide (irO), tungsten, molybdenum, tantalum, platinum, copper-nickd alloys, platinum 
and rhodium alloys, aluminum-nickel alloys, etc. 

In some instances, it may be necessary to coat the resistive element with a 
protective coating so as to prevent interdiffiision between the resistive dement and ttie 
25 array of components. The protective coating is applied in the form of a thin-film 

material using the previously described thin-film deposition techniques. The protective 
coating is made fiom a material which effectively conducts beat and which is inert at the 
trapoature at which the reaction is to be carried out. Examples of suitable materials 
include, but are not limited to, MgO, SiTlOj, BaHO,, AljQi and other semiconductor 
30 and ceramic materials which are good conductors and inert. 

Once the resistive dement has been deposited, an array of components is 
generated using thin-film deposition techniques in combination with masking techniques. 
An example of tiiis approach is illustrated in FIG. 12. In this example, a library of 
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compounds was generated subsequent to the dqposition of thin-film resistive strips. As 
illustrated in FIG. 12, a resistive element occupies an entire colunm of predefined 
r^ons on the substrate. It will be readily apparait to those of skill in the art, however, 
that the resistive elemmt can be deposited in any pattern and, thus, dqx>sition strategies 
5 can be designed so that the resistive dement covers different predefined r^ions on the 
substrate. 

Furthermore, using the synthetic routes of the present invention, the array 
of components can be processed between the various delivery slieps. For example, 
component A can be delivered to a first region on a substrate and, thereafter, exposed to 

10 oxygen at an elevated temperature, for example. Subsequently, component B can be 

ddivmd to the first region on the substrate and, th^rafler, components A and B can be 
reacted under a set of reaction conditions. Other manipulations and processing stq>s 
which can be carried out between the various delivery steps will be apparent to those of 
sidll in the art upon reading this disclosure. 

15 As such» using the methods of the present invention, the following 

materials can be prepared: covalent network solids, ionic solids and molecular solids. 
More particularly, the methods of the present invention can be used to prepare^ for 
example, inorganic materials, intermetallic materials, metal alloys, ceramic materials, 
organic materials, organometallic materials, non-biological organic polymers, composite 

20 materials (e.;., inorganic composites, organic composites, or combinations thereoO. ^ic. 
Ceramics can be prepared, for instance, by delivering reactant components to predefined 
regions on the substrate using, for example, solution based delivery techniques. Once 
the reactant components of interest have been delivered to the substrate, the substrate is 
heated to the boiling point of the solvent to evaporate off the solvenL Alternatively, the 

25 solvent can be removed by delivering the reactant components to a heated substrate. The 
substrate is then oxidized to remove unwanted components (e.g., cartx>n, nitrogen, ere.) 
horn the array. The substrate is then flash heated at a temperature of about 800^ C to 
about 875"" C for about two minutes. Thereafter, the reaction is rapidly quenched and 
tfie array is scanned for materials having a particular property, such as luminescence, 

30 superconductivity, dielectric strength, ere. Magnetic materials can be prq»red using a 
similar process except that in the case of magnetic materials, the components are 
delivered to die substrate and simultaneously reacted thereon in the presence of a 
magnetic field* 
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Moreover, an array of zeolites, Le. , hydrated silicates f aluminum and 
either sodium, calcium or both, can be prqnred using the methods of the present 
invention. To prepare an array of such materials, the reactant components are delivered 
to predefined regions on a substrate in the form of a slurry. Using a low temperature 
S 60"* C to about TO"" C) hydrothermal method, for example, the zeolites will 

crystallize out of solution. In addition, organic polymers can be prepared by ddivering a 
monomer (or monomen) of interest to predefined regions on the substrate usually in the 
form of a solution. Once the monomer of interest has been delivered, an initiator is 
added to each region on the substrate. The polymerization reaction is allowed to proceed 

10 until the initiator is used up, or until the reaction is terminated in some other numner. 
UpcMi completion of tfie polymerization reaction, the solvent can be removed by, for 
example, evaporation in vacuo. 

It will be readily apparent to those of skill in U)e art tiut die foregoing 
synthetic routes are intended to illustrate, and not restrict, the ways in which the 

IS reactants can be simultaneously reacted to form at least two materials on a single 

substrate. Other synthetic routes and other modifications known to and used by those of 
skill in the art can also be used. 

MIL Methods For Screening the Array of Materials 

20 Once prepared, the array of materials can be screened in parallel for 

materials having useful properties. Either the entire array or, alternatively, a section 
thereof {e.g., a row of predefined regions) can be screened in parallel for materials 
having useful properties. Scanning detection systems are preferably utilized to screen an 
array of materials wherein die density of r^ions per unit area will be greater than .04 

25 r^ons/cm^, more preferably greater than 0. 1 ^egions/cm^ even more preferably greater 
than 1 regi(»i/cm\ even more preferably greater tiian 10 regions/cm^ and still more 
preferably greater than 100 regions/cm^. In most preferred embodiments, scanning 
detection systems are preferably utilized to screen an array of materials wherein the 
density of regions per unit area will be greats than 1,000 regions/cm?, more preferably 

30 10,000 regions/cm^ cvm more preferably greater tiian 100,000 regions/cm^, and still 
more preferably 10,000,000 regions/cml 

Accordingly, in a preferred embodiment, the array of materials is 
synthesized on a single substrate. By synthesizing the array of materials on a single 
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substrate, screening the array for mat^ials having useful properties is more easily canied 
out Properties which can be screened for include, for ^cample, electrical, thermal 
mechanical, morphological, optical, magnetic, chemical, etc. More particularly, usdiil 
properties which can be screened for are set forth in Table I, ir^a. Any material found 
S to possess a usdul property can subsequently be prqiared on a large-scale. 

The properties listed in Table I can be screened for using conventional 
methods and devices known to and used by those of skill in the art. Scanning systems 
which can be used to screen for the properties set forth in Table I include, but are not 
limited to, the following: scanning Raman spectroscopy; scanning NMR spectroscopy; 

10 scanning probe spectroscopy including, for example, surface potentialom^ry, tunnelling 
current, atomic force, acoustic miooscopy, shearing-stress microscopy, ultra fast photo 
excitation, electrostatic force microscope, tunneling induced photo emission microscope, 
magnetic force microscope, microwave field-induced surface harmcmic generation 
microscope, nonlinear alternating-current tunnelling microscopy, near-field scanning 

IS optical microscopy, inelastic electron tunneling ^)ectrometer, etc. \ optical microscopy in 
dififmnt wavdength; scanning optical dlipsometry (for measuring didectric constant and 
multilayer film thickness); scanning Eddy-current microscope; electron (dif&action) 
microscc^, etc. 

More particularly, to screen for conductivity and/or supoxonductivity, one 
20 of die following devices can be used: a Scanning RF Susceptibility Probe, a Scanning 
RF/Kficrowave Split-Ring Resonator Detector, or a Scanning Superconductors Quantum 
Interference Device (SQUID) Detection System. To screen for hardness, a nanoindentor 
(diamond tip) can, for example, be used. To screen for nuignetoresistance, a Scanning 
RF/Microwave SpUt-Ring Resonator Detector or a SQUID Detection System can be 
25 used. To screen for crystdlinity, infrared or Raman spectroscopy can ^ To 
screen for magnetic strength and coerdvity, a Scanning RF Susceptibility Probe, a 
Scanning RF/Microwave Split-Ring Resonator Detector, a SQUID Detection System or a 
Hall probe can be used. To screen for fluorescence, a photodetector or a charged- 
coupled device camera can be used. Other scanning systems known to those of skill in 
30 the art can also be used. 
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TABLE L EXAMPLES OP PROPERTIES WHICH CAN BE SCREENED FOR 



ELECTRICAL: 



10 



15 



20 



25 



30 



THERMAL: 



MECHANICAL^ 



MORPHOLOGY: 



OPTICAL: 



35 



40 



MAGNETIC: 



suPERCONDUcnvrry 

CRITICAL CURRENT 
CRITICAL MAGNETIC FIELD 
CONDUCTIVITY 

RESisTivrry for resistive films 

DIELECTRIC CONSTANT 
DIELECTRIC STRENGTH 
DIELECTRIC LOSS 
STABILTTY UNDER BIAS 
POLARIZATION 

PERMirnvrTY 

PIEZOELECTRICmr 

electromigration 
coeffiqent of expansion 
thermal conductivity 
temperature variation 

VOLATttJTY & VAPOR PRESSURE 

STRESS 

ANISOTROPY 

ADHESION 

HARDNESS 

DENsmr 

DUCTfLFTY 
ELASnOTY 

poROsmr 

CRYSTALUNE OR AMORPHOUS 

MICROSTRUCrURE 

SURFACE TOPOGRAPHY 

CRYSTALLITE ORIENTATION 

REFRACnVE INDEX 

ABSORPTION 

BIREFRINGENCE 

SPECTRAL CHARACTERISTICS 

DISPERSION 

FREQUENCY MODULATKm 
EMISSION 

SATURATION FLUX DENSTTY 

MAGNETORESISTANCE 

MAGNETORESTRICnON 
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COERCIVE FORCE 
MAGNSnC: PERMEABILmr 
CHEMICAL: COMPOSITION 

COMPLEXATION 

AdDmr-BASicrry | 

CATALYSIS I 

INfFURTITES H 

REACTIVITY WITH SUBSTRATE I 

CORROSION & EROSIOM RESISTANCE i 

The anays of the present invention can be screened sequentially or, 
alternatively, they can be screened in parallel using a scanning system. For instance, the 
array of materials can be sequentially screened for superconductivity using, for example, 
magnetic decoration (Bitter pattern) and electron holography. Alternatively, the array of 
materials can be scanned for superconductivity using, for example, a Hall-probe, 
magnedc force microscopy, SQUID miaoscopy, a AC susceptibility microscope, a 
microwave absorption microscope, an Eddy current microscope, etc. 

In a presently prefeiied embodiment, a scanning detection system is 
employed. In one embodiment, the substrate having an array of materials thereon is 
fixed and the detector has X-Y motion. In this embodiment, the substrate is placed 
inside a sealed chamber, close to the detector. The detector (e.g., an RF Resonator, a 
SQUID detector, etc.) is attached to a rigid rod with low thermal conductivity coupled to 
an X-Y positioning table at room temperature with a scanning range of up to 1 inch and 
a 2 ;tm spatial resolution. The position of the detector is controlled using stq^ing 
motors (or servomotors) connected to a computer-controlled positioner. The temperature 
of the detector and the substrate can be lowered via helium exchange gas by liquid 
helium reservoir located around die chamber. This scanning system can be operated at 
temperatures ranging from GOO^'K down to 4.2''K (when immersed in liquid helium). 

In another embodiment, the detector is fixed and the substrate having an 
array of mat^ials thereon has R*9 modon. In this embodiment, the substrate is placed 
on a rotating stage (e.g., a spur gear) driven by a gear rack which is coupled to a 
micrometer and a stqsping motor. This rotating stage is located on a oyogenic sliding 
table which is driven by a sq>arate micrometer and stepping motor system. This system 
is capable f scanning an area having a 1 inch radius with a 1 fim spatial resolution. The 



05/11/2004, EAST Version: 1.4.1 



wo 96/11878 PCT/US95/I3278 

54 

scanning and probing are controlled through the use of a computer. As with the other 
embodiment, the tempmture of the detector and the substrate can be 1 wered via helium 
exchange gas uang a liquid helium reservoir located around the chamber. This scanning 
system can be operated at temperatures ranging from 600 down to 4.2 (when 
5 immersed in liquid helium). 

Using either of the foregoing embodiments, a Scanning RF Susceptibility 
Detection System can, for example, be used to detect the sup^conductivity of a large 
array of materials (see, e,g., FIG. 13). Using photolithographic techniques, a micro 
(about 1x1 mm^ spiral coil can be fabricated to probe the conductivity of a sample 

10 adjacent to the coil. The signals are picked up by a phase-sensitive detection electronic 
circuit. Theieafier, the data is analyzed by a computer to obtain a correlation between 
the properties and stoichiometry of a given sample. If desired, analytical results can be 
fed back to the ddivery system so that the system can "zoom in" on the most pronusing 
stoichiometiy in the next synthesis cycle. 

15 Moreover, a superconducting microcircuit implementation of a parallel LC 

resonance circuit can be used to scan the array of materials for those that are 
superconducting. A parallel LC drcuit is simply an inductor in parallel with a capacitor. 
The electrical properties of both circuit elements give the circuit a resonance frequency 
where a maximum amount of input voltage is transmitted through to the output. The 

20 sharpness of the peak, conventionally measured by its Q value, is determined by the 
materials used in the circuit, whereas the frequency of the resonance is set by the 
capadtance and die inductance. It has been determined that manufacturing die circuit out 
of a superconducting material, such as niobium, gives a very high Q value, a Q 
value on the order of 10,000 or more. This is in contrast to oommennally available, 

25 non-superconducting cqxacitors and inductors which generally give Q values on the order 
of hundreds. The steep peak of the niobium circuit gives rise to high sensitive detection. 

In this system, actual detection is done by the induction coil. The 
inductance of an inductor is a function of the magnetic field geometry through its coils. 
In ttie presence of a nearby superconducting sample, the n^gnetic field through the 

30 inductor is distorted by the expulsion of field by the material (i. e. , the Meissner effect). 
This, in turn, changes the inductance and shifts the resonance. By foUowing the 
resonance, one can readily determine when a material is superconducting. 
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In this scanning device, the total circuit is approximately 5 mm x 2.5 mm, 
with an active area equal to approximately one-fourth of that. The coil is a spiral coil 
having dimensions of about L5 mm per side, and the capacitor is a two-plate niobium 
capacitor with a SiQi dielectric (i.e., insulating) layer. SQUID magnetometers have 
5 achieved spatial resolutions of 10 iitn, but their sensitivities have been limited by noise 
presoit in the Josephson junction. In the scanning device of the present invention, 
however, the device is unencumbered by noise from the Josephson jimction and, thus, a 
srasitivity for samples of 1 $im or less can be achieved. In this embodiment, sendtivity, 
rather than spatial resolution, is a more critical criterion. 
10 It will be readily ^>parent to those of skill in the art that the foregoing 

detection systems are intended to illustrate, and not restrict, the ways in which the array 
of material can be screened for those materials having useful properties. Other detection 
^stems known to and used by those of skill in the art can similarly be used. 

IS IX. Alternative Embodiments 

In another embodiment of the present invention, at least two different 
arrays of materials are prepared by delivering substantially the same reaction components 
at substantially identical concoitrations to predefined regions on both first and second 
substrates and, thereafter, subjecting the components on the first substrate to a first set of 

20 reaction conditions and the components cm the second substrate to a second set of 

reaction conditions in a wide array of compositions. If a first substrate has, for example, 
components A and B on a first r^on on the substrate and, in addition, components X 
and Y on a second repon on the substrate, the second substrate is prepared in a manner 
such that it has substantially the same components in predefined regions thereon. That is 

25 to say, Ae second substrate is substantially identical to the first substrate in terms of the 
components contained thereon. As such, in this «ample, the second substrate would 
also have components A and B on the first region on the substrate and, in addition, 
components X and Y on the second region on the substrate. 

Once the components have been delivered to their appropriate predefined 

30 re^ons on the substrate, the components on the first substrate are reacted using a first set 
of reaction conditions, whereas the components on the second substrate are reacted using 
a second set of reaction conditions. It will be understood by those of skill in the art that 
the components on the first substrate can be reacted under a first set of reaction 
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condidcms at the same time as the components on the second substrate aie reacted under 
a second set of reaction conditi ns or, alternatively, the components on the first substrate 
can be reacted under a first set of reaction conditions either before ot after the 
componrats on the second substrate are reacted under a second set of reaction conditions. 
5 In this embodiment* the effects of various reaction parameters can be 

studied and, in turn* optimized. Reaction paramet^s which can be varied include, for 
example, reactant amounts, reactant solvents, reaction temperatures, reaction times, the 
pressures at whidi the reactions are carried out, the atmospheres in which the reactions 
are conducted, the rates at which the reactions are quenched, ere. Other reaction 

10 parameters which can be varied will be apparent to those of skill in the art. 

Alternatively, the first set of reaction conditions can be the same as the second set of 
reaction conditions, but, in this embodiment, the processing steps after the components 
on the first and second substrates have been reacted would differ from the first substrate 
to the second substrate. For example, the first substrate can be exposed to oxygen at 

15 elevated temperatures, while the second substrate is not processed at all. 

Alternatively, in another aspect of this embodiment, the first substrate 
having component A on the first region of the substrate and component X on the second 
region of the substrate is exposed to a particular set of reaction conditions ie.g. , exposed 
to oxygen at elevated temperatures), while the second substrate also having component A 

20 on the first r^on of the substrate and component X on the second region of the 
substrate is not e^gxised to such reactim conditions. Thereafter, componmt B is 
delivered to the first region on both the first and second substrates, and component Y is 
ddivered to the second region on both the first and second substrates. Once the desired 
components have been delivered to the first and second regions on the first and second 

25 substrates, the components are simultaneously reacted under substantially identical 
reaction conditions. This particular embodiment allows one to determine the effects 
intermediate processing steps have on a particular array of materials. As set forth above, 
any of a number of different reaction parameters can be varied. 

In still anottier embodiment of the present invention, a method is provided 

30 for producing an array of materials varying from one another in terms of diemical 

composition and component stoichiometries. In this method, a reactant component can 
be delivered to a particular predefined region(s) in a gradient of stoichiometrics. 
Moreover, multiple reactant components can be delivered to a particular predefined 
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region(s) in a gradient of stoichiometries. For example, a first component of a first 
material and a first component of a second material are deposited on first and second 
reaction regjcms, respectivdy. Theieafier, a second component of the first material and 
a second component of the second material are deposited in a gradient of stoichiometries 
5 from top to bottom (or left to right) on the first and second reaction regions, 

respectively. Once the components have been ddivered to the substrate, the components 
are simultaneously reacted to form materials varying from one another in terms of 
chemical composition and chemical stoichiometries. 

In yet another embodiment of the present invention, a material having a 

10 useful property is provided. The material is prqiared by a process comprising the steps 
of: (a) forming an array of different materials on a single substrate; (b) screening the 
array for a matmal having a useful property; and (c) making additional amounts of the 
material having the useful pnq^erty. Such materials include, for example, intermetallic 
materials, metal alloys, ceramic materials, organometallic materials, organic polymers, 

IS composite materials (e.g. , inorganic omposites, organic composites, or combinations 
diereof), etc. In addition, useful properties include, for example, electrical, thermal, 
mechanical, morphological, optical, magnetic, chemical, etc. 

Using the foregoing method, a new family of giant magnetorestive (GMR) 
cobalt oxides has been discovered. Arrays of materials containing different compositions 

20 and stoichiometries of Ln^CoOa, wherein Ln is, for example, Y and La, and M is, for 
example, Pb, Ga, Sr and Ba, were formed using thin film dqx>^tion techniques in 
combination with masking tedmiques (See^ Example D, infra, for the protocol used to 
generate the arrays of cobalt oxide thin-film materials). Once formed, the arrays of 
materials were screened for diose materials among them having useful properdes. More 

25 particularly, the arrays of materials were screened for specific materials having giant 
magnetofesistEve (GMR) properties, among odiers. In doing so, materials having large 
magnetoresistance (MR) were discovered. Once the materials having useful properties 
were identified, additioral amounts of sudi materials were prepared for further analysis. 
The compounds in this new family of GMR cobalt oxides have the 

30 following genml formula: Ay^.,^)My«CoO„ wherein A is a metal selected from the 
group consisting of lanthanum (La), yttrium (Y), cerium (Ce), praseodymium (Pr), 
neodymium (Nd), promediium (Pm), samarium (Sm), europium (Eu), gadolinium (Gd), 
terbium (Tb), dysprorium (Dy), holmium ^o), erbium (Er), diulium (Tm), ytterbium 
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(Yp) and lutecium (Lu); M is a metal selected from the group cooasting of calcium (Ca), 
strontium (Sr), barium (Ba), lead (Pb), thallium (Tl) and bismuth (Bi); y has a value 
ranging from about 1 to about 2; x has a value ranging from about 0. 1 to about 0.9; and 
z has a value ranging from about 2 to about 4. The compounds in this new family of 
5 GMR cobalt oxides generally have a layered, perovskite-related structure, Le. , a cubic 
perovskite structure with some slight distortion. 

In a presently preferred embodiment, the compounds in this new family of 
GMR cobalt oxides have the following general formula: A|.^xCoO„ wherein A is a 
metal selected from the group consisting of lanthanum (La), yttrium (Y), cerium (Ce), 

10 praseodymium (Pr), neodymium (Nd), promethium (Pm), samarium (Sm), europium 
(Eu), gadolinium (Gd), terbium (Tb), dysprosium (Dy), holmium (Ho), erbium (Er), 
thulium (Tm), ytterbium (Yp) and lutecium (Lu); M is a metal selected from the group 
consisting of calcium (Ca), strontium (Sr), barium (Ba), lead (Pb) and cadmiun (Cd); x 
has a value ranging from about 0.1 to about 0.9; and z has a value ranging from about 2 

15 to about 4. Within the scope of this formula, certain embodiments are preferred, namely 
those in which x has a value ranging from about 0.2 to about 0.7 and, even more 
preferred, are diose in which x has a value ranging from 0.3 to about 0.5. 

In a frirther preferred embodiment, the compounds in this new family of 
GMR cobalt oxides have the following general formula: La|.^,CoOs, wherein M is a 

20 metal selected from the group consisting of barium, calcium and strontium; x has a value 
ranging from about 0.1 to about 0.9; and z has a value ranging from about 2 to about 4. 
Within the scope of this formula^ certain embodiments are preferred, namely those in 
which X has a value ranging from about 0.2 to about 0.7 and, even more prefwed, are 
those in whidi x has a value ranging from 0.3 lo about 0.5. As mentioned, the 

25 compounds in this new £unily of GMR cobalt oxides generally have a layered, 
perovskite*related structure. 

In yet another embodiment of the present invention, libraries of 
microdevioes, such as thin-film capacitors or thin-film electroluminescent modules, can 
be generated using the methods previously described for generating arrays of materials. 

30 For example, a thin-frlm capacitor consists of two electrode materials separated by an 
insulating or dielectric material. An array of thin*film capacitors can be formed by first 
depositing an electrode material on each of the predefined regions on the substrate. An 
array of dielectric materials can then be generated on top f the electrode sur£ace using 
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the methods previously described. On top of this layer, another electrode layer can be 
deposited, resulting in an army of thin-film capacitors, each capacitor containing a 
different dielectric material. By measuring the capacitance at each of the predefined 
regions on the substrate, the performance of the various dielectric materials for thin-film 
capacitors can be tested and optimized. It will be readily apparent to those skilled in the 
art that this s^roach is fully applicable to other thin-film devices, such as thin-film 
dectroluminescent displays. In addition, it will be readily dppmnt to those skilled in the 
art that any one of the various layers in a thin-film device can be an array of different 
materials at the same or differoit stoichimetries, or an array of the same material at 
different stoichiom^es. Moreover, the order of the various layers can be varied (e.g., 
the electrode material in the thin-film capacitors can be deposited on either the top or 
bottom of the other layers. Thus, using the methods of the present invention, each of the 
layers in a given thin-film device can be optimized. 

It will be understood by those of skill in the art thai the foregoing 
discusaons directed to die various delivery techniques, synth^c routes, screening 
methods, etc, are fiilly sq>plicable to the above embodiments of the present invention. 

X. Examples 

The following examples are provided to illustrate the efficacy of the 
inventions herein. 

A. Synthesis of An Array of 16 Conner Oxide Thin-Pam Materuds 

This example illustrates the synthesis and soeening of an array of copper 
oxide thin-film materials. The reactants were delivered to a 1.2S cm x 1.25 cm MgO 
substrate with a (100) polidied surfece. The substrate having 16 predefined regions 
tiierem was contained in a reaction chamber in vacuo. The reactants were delivered to 
the substrate in die form of thin-films using a sputtering system in combination with 
binary masking techniques. The binary mask was made of stainless steel. A RF 
magnetron gun sputtering system was used to deliver the reactant components to the 
predefined r^ons on die substrate. The RF ms^netron sputtering gun (Kfini-mak 
manufactured by US, Inc., Campbell, CA) used was about 1.3 inches in diameter. With 
RF input power (supplied by a Plasmtiierm-2000 widi a matching networic) of 50 to 
about 200 W, dqxmtion rates ranged from about 0.3 A/s to about 2 A/s for die five 
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different reactant components. The RF magnetron sprayer was positioned about 3 to 4 
inches above the substrate and the uniformity of dqposited film was about 5% over a 1 to 
2 inch diameter area. The sputtering gas flow (Ar or Ar and O2) was controlled by 
metenng valves and differential pumping through a manual gate valve. To achieve a 
S high depoation rate, it was determined that the best gas pressure range was about S to 15 
mTorr. The partial pressure of each gas component in the chamber was monitored using 
a residual gas analyzer (Micrppole Sensor by Ferran Scientific, San Diego, CA) directly 
up to IS mTorr without differential pumping. 

The reactant components used to generate the array of copper oxide 

10 mat^ials were as follows: CuO, BijOs, CaO, PbO and SrCOj. CuO was used as the 
base element in an effort to discover new copper oxide materials and, thus, this 
component was delivered to each of the 16 predefined regions on the substrate. Prior to 
delivering the component of interest to die predefined regions on the substrate, the base 
air pressure of the reaction chamber was lowered, within 10 to 15 minutes, to about 10"* 

15 to 10^ Torr by a 250 1/s turbo pump and, if necessary, it was furthered lowered to 10^ 
Torr using extended pumping time in combination with beating the reaction chamber to 
about 100**C to about 150**C. Since only a single RF magnetron gun sputtering system 
was employed, the vacuum was brokm and re-established each dme the component was 
changed. The film dqx>sition thickness was monitored using a crystal micro-balance 

20 (STM-100 by Sycon Instruments, Syracuse, NY). Since the position of crystal micro- 
balance was not located at exactly the same position as the substrate, it was necessary to 
calibrate the thickness monitor reading for eadi component with a profilometer. 

The reactant components were delivered to the MgO substrate in the 
following order: Bi A» PbO, CuO, CaO and SrCOj. The stoichiometry was designed 

25 so that each of the five components was present in equal molar amounts, i.e., 

lBi:lPb:lCu:lSnlCa as deposited film. The total thickness of the film was about 0.5 
fitn for a five layered site. The thickness of eadi of the individual films as well as the 
guttering rates at which each of the components were dqx>sited are set forth in Table n, 
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TABLE 11. DEPOSITION THICKNESS AND SPUTTERING RATE FOR THE 
COMPONENTS USED TO GENERATE AN ARRAY OF COPPER 
OXIDES 

5 



Component 


Deposition Thickness 


Sputtering Rate 




1200 A 


2 A/Sec 


PbO 


970 A 


1.6 A/Sec 


CuO 


540 A 


1 A/Sec 


SrCOj 


1650 A 


3 A/Sec 


CaO 


720 A 


3 A/Sec 



Once the components of interest were delivered to the 16 predefined 
npgions on the substrate as illustrated in FIG. 14, the substrate was placed in a furnace, 

15 and the components were subsequently reacted. FIG. 15 is a photograph of the anay of 
16 different compounds on the 1. 25 cm x 1. 25 cm MgO substrate. The color of each 
site is the natural color of reflected light from a white light source at an angle. The 
components were Mnultaneously reacted using the following heating and cooling 
procedure: 50 X to 725 X in 2 hr., 725 X to 820 X in 1 hr., 820 X to 840 X in 

20 0.5 hr. and 840 ""C to 750 ""C in 0.5 hr. Once the substrate cooled to a temperature of 
about 750 ""C, the power was turned off. The heating and cooling procedure was 
performed in ambient atmosphere. No apparent evaporation or melting was observed. 

Once reacted, eadi of the 16 predefined reaction regions was screened for 
resistance. In doing so, il was found that two of the predefined regions contained 

25 materials which are conducting. Contacts were put on these two sites in in-line 4-probe 
configuration, and it was determined that the contact resistances axe less than hundred 
chms (Q). Thereafter, the samples were cooled down to 4.2''K in a liquid helium 
cryostat to measure resistivity as a function of temperature. Factory calibrated Cemox™ 
resistance temperature sensor (LakeShore) was used to measure temp^ature. FIGS. 16A 

30 and 16B shows the resistance of the two conducting materials as a fimction of 

temperature. The BiPbCuSrCa matmal has a metallic conductivity (resistance decrease 
with temperature) from nxm temperature down to about lOO^'K, whereas the BiCuSrCa 
material has a rattier flat and slightly upward temperature dependence resistance. 
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Superconducting critical temperatures (Te) for both samples are about lOO'^K. Evidence 
of two superconducting phases in the resistivity measurement was not observed. 

A Synthesis of An Armv of 12S Comer Oxide mn-FOm Material 
5 This example illustrates the synthesis and screening of a 128 member 

library consisting of different combinations, stoichiometries and dq>osition sequences of 
Bi, Ca, Cu» Pb and Sr. The library was generated by sputtering target materials through 
physical masks using an RF magnetron sputtering gun. Sputtering was carried out at lO"^ 
to 10^ torr with Ar as the sputtering gas; deposition rales were 0.1 to 1 A s ^ Film 

10 deposition thickness was monitored with a crystal microbalance and calibrated 
independently with a profUometer. The uniformity of the deposited films varied 
approidmately S% over a 2-inch diameter area. MgO single crystals with a (100) 
polished surface were used as substrates and CuO, BijO,, CaO» PbO and SrCO^ were 
used as sputtering targets. The library was generated using a binary masking strategy by 

15 overlaying a primaxy physical mask containing 128 (1 x 2 mm) holes with a series of 
secondary masks (FIG. 17). {See, Fbdor, S.P.A., et aL, Science 251, 767 (1991)). 
Precursors were sputtered through the appropriate binary mask in a stepwise fashion. Up 
to six identical 128 member libraries could be synthesized simultaneously and processed 
under different conditions. In a binary synthesis, 2" compounds are formed for a given 

20 number of masking stq>s (m). The array contains all combinations that can be formed 
by deleting one or more stqxs from ttie entire deposition/masking sequence. Additional 
masking schemes can be used to generate other libraries* e.g. » a library consisting of all 
quaternary compounds derived from a group of ten precursors. 

As mentioned, a 128-member library was generated to examine the effects 

25 of stoichiometry and dqiosition sequence on the properties of the BiSrCaCuO films. The 
library was generated as follows: U Bi, MO; 2, Bi, Ml; 3» Cu, MO; A, Cu, M2; S» Cu, 
M3; 6, Sr, MO; 7, Sr, M5; 8, Ca, M6; 9, Cu, M4; 10, Ca, M7, where the first entry 
dfygrateff the deposition stq>, the second designates the element and the third designates 
the mask (see, HG. 18). The molar stoichiometry for each layn was 1:1 relative to Bi 

30 (whidi was deposited as a 300 A layer), with the exception of steps 3 and S in which the 
Cu:Biratio was0J:l. The library was tfioi antered at 840*^0 in air. The heating and 
cooling procedures were: SO'^C to 725**C in 2 hr., 725T to 820^C in 1 hr., 820*C to 
840^C in 0.5 hr., 840*'C to 750**C in 0.5 hr. The entire heating procedure was 
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perfonned in air. No apparent evaporation or melting was observed. The resistance of 
each site was measured using a 4-point contact probe. 

Films with low resistivities such as the BiCuSrCaO film shown in FIG. 
19A showed metallic behavior with onset Tc's of SO^'K and WK. This is in contrast to 
die behavior of the BiCuCaSrO film found in the sucteen member library. Odier films 
were also found in the 128 member library, having identical stoichiometnes and different 
dqx)ation sequences* that had distinct resistivity versus temperature profiles, e.g.y 
BiCuSrCaCuCaO and BiCuCuSrCaCaO (FIG. 19B). This result suggests that different 
phases may be accessible by controlling the deposition sequence. Films with excess Ca 
and Cu, e.g., BiSrCaCuO ratios of 2,2,4,4 and 2,2,4,5, showed a llO'^K phase, 
consistent with the formation of Bi2Sr2Ca2Cu30io. 

C. Synthesis of an Array of 1 2S Copper Oxide Thin-FUm Materials 
Containing BiSrCaCuO and YBaCuO Superconductine Materiah 

This example illustrates the synthesis and screening of a 128 member 
library consisting of different combinations, stoichiometrics and deposition sequences of 
Ba, Y, Bi, Ca» Sr and Cu. The library was generated by sputtering targ^ materials 
through physical masks using an RF magnetron guttering gun. Sputtering was carried 
out at 10-^ to 10^ torr witfi Ar as the guttering gas; deposition rates were 0.1 to 1 A s ^ 
Film deposition thickness was monitmed with a crystal microbalance (STM-100 by Sycon 
Bistnunents, Syracuse, NY) and calibrated indq)endentiy with a profilom^. The 
uniformiQ^ of the dqx>sited films varied approximately S% over a 1 to 2 inch diameter 
area. MgO single crystals with a (100) polished surfEice were used as substrates and 
BaCO), YjOj, Bi^Oj, CaO, SrCOj and CuO were used as sputtering targets. The library 
was generated using a non-binary masking strategy as described below. 

The 128-member library was generated to examine the effects of 
stoichiometry and deposition sequence on the properties of the BiSrCaCuO and YBaCuO 
thin-film materials. The library was generated as follows: 1, Bi, Ml; 2, Cu, M2; 3, 
La, M3; 4, Y3, M4; 5, Ba, M5; 6, Sr, M6; 7, Ca, M7, where the first entry designates 
die deposition stq>, the second designates tiie element and the tiiird designates die mask 
employed {see^ RG. 20). The tiiickness of each of the individual films was as follows: 
BiaOj, 1000 A; CuO, 716 A; LajOj, 956 A; YjOj, 432 A; BaCOj, 1702 A; SrCOj, 1524 
A; CaO, 635 A. Following low temperature diffusion (-200-300'^C), tiie Bbrary was 
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sintered at 840''C in ambient atmosphere. The heating and cooling procedure used was 
as follows: 200*C to 300X in 12 hr., 300X to 700*C in 1 hr., 700*C to 750**C in 2 
hr., 750X to 840X in 0.4 hr., 840X to 840*C for 1 hr., 840*C to 560*C in 1 hr., 
560**C to 250^C in 6 hr. After 6 hours at 250*^0, the power was turned off. The entire 
S heating procedure was performed in air. No apparmt evaporation or melting was 
observed. 

Once reacted, each of the 128 predefined regions was screened for 
resistance. The resistance of each ^te was measured using a 4-point contact probe. 
Films with low resistivities, such as the BiCuSrCaO film and the YBaCuO film shown in 
10 FIG. 21, showed metallic behavior with onset Tc*s of about SC^K and 60''K, restively 
(see, FIG. 21). 



D. Synthesis ofAmvs of Coba lt Oxide Thin^fUm Materials 

This example illustrates the synthesis and screening of arrays of cobalt 

IS oxide (CoO) thin-film materials. The reactants were delivered to 2.S cm x 2.5 cm 

LaAlOi substrates with (100) polished surfaces. The substrates having 128 predefined 
regions thereon wwe contained in a reaction chamber in vacuo. The reactants were 
delivered to the substrates in the form of thin-films using a sputtering system in 
combination with non-binary masking techniques. The masks employed were made of 

20 stainless steel. A RF magnetron gun sputtering system was used to deliver the reactant 
components to the predefined regions on the substrates. The RF magnetron sputtering 
gun (Mini-mak manufactured by US, Inc., Campbell, CA) used was about 1.3 inches in 
diameter. With RF input pow^ (supplied by a Plasmtherm-2000 with a matching 
network) of SO to about 200 W, deposition rates ranged firom about 0.3 A/s to about 2 

25 A/s for the various reactant components. The RF magnetron sprayer was positioned 

about 3 to 4 inches above the substrates and the uniformi^ of dqx)sited film was about 
S% over a 1 to 2 indi diameter area. The sputtering gas flow (Ar or Ar and O2) was 
controlled by metering valves and differential pum^ng tiirough a manual gate valve. To 
achieve a high deposition rate, it was determined that the best pressure range was about S 

30 to 15 mTorr. The partial pressure of each gas component in the chamber was monitored 
uung a re^ual gas analyzer (Micropole Sensor by Ferran Scientific, San Dieg , CA) 
directiy up to 15 mTorr without differential pumping. 
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The leactant components used to generate the arrays of cobalt oxide 
materials were as f Uows: YaO,, LajQ,, Co, BaCO,, SrCO,, CaO, PbO, Co, Co, LaaOj, 
La^Oj, YjOj, and Y2O3. The libraries were generated as follows: 1, Y, Ml; 2, La, M2; 
3, Co, M3; 4, Ba, M4; 5, Sr, M5; 6. Ca, M6; 7, Pb, M7; 8, Co, M8; 9, Co, M9; 10, 
5 La, MIO; 11, La, Mil; 12, Y, M12; and 13, Y, M13, where the first entry designates 
the deposition st^, the second designates the element and the third designates the mask 
employed {see, FIG. 22). Co was used as the base element in an effort to discover new 
cobalt oxide thin-film materials having giant magnetoresistant properties and, thus, this 
component was delivered to each of the 128 predefined regions on the substrates. Prior 

10 to delivering the component of interest to the predefined regions on the substrates, the 

base air pressure of the reaction chamber was lowered, within 10 to 15 minutes, to about 
10"^ to 10* Torr by a 250 1/s turbo pump and, thereafter, it was ftirthered lowered to 
10^ Torr using extended pumping time in combination with heating the reaction chamber 
to about lOO'^C to about 150*'C. Since only a single RF magnetron gun sputtering 

IS system was employed, the vacuum was broken and re-established each time the 

component was changed. The film deposition thickness was monitored using a crystal 
microbalance (STM-100 by Sycon Instruments, Syracuse, NY). 

The reactant components were delivered to the LaAlOi substrates in the 
foUowing order YA, La^Oj, Co, BaCO,, SrCOj, CaO, PbO, Co, Co, LajOj, LajO,, 

20 YjO,. and Y^O,. The total thickness of the films was about 0.4 /xm for a five layered 
site. The thidmess of each of tfie individual films is set forth in Table III, supra. 
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TABLE 777. DEPOSmON THICKNESS AND SPUTTERING RATE FOR THE 
COMPONENTS USED TO GENERATE AN ARRAY OF COBALT 
OXIDES 



Component 


Deposition Thickness 


YA 


245 A 


LaA 


350 A 


Co 


145 A 


BaCO, 


600 A 


SrCO, 


538 A 


CaO 


245 A 


PbO 


316 A 


Co 


128 A 


Co 


55 A 


La,0, 


245 A 


LaA 


245 A 


YA 


122 A I 


YA 


245 A 1 



20 

Once Ae compcmaits of interest were delivered to the 128 predefined 
regi<ms on the substrates, the substrates were placed separately in a fiicnace, and the 
components were subsequoitly reacted. The components in Library 2 (L2) w»e 

25 amultaneously reacted using the following heating and cooling procedure: 200 °C to 

300 X in 12 hr., 300°C to 650 "C in 1 hr., 650 "C to 850 'C in 3 hr., 850 'C to 900 
•C in 3 hr., and 900 °C to 400 'C in 2 hr. Once the substrate cooled to a temperature 
of about 400 "C, the power was turned off. The heating and cooling |Hocedures were 
performed in ambient atmosphere. No a^iparent evaporation or njdting was observed. 

30 Hie componeiits in Library 3 (L3) were simultaneously reacted using the 

following heating and cooling procedure: Room Temperature (RT) to 200 *C in 1 hr., 
200 °C to 350 'C in 15 hr., 350 'C to RT (system shut down and the substrate aUowed 
to cool to RT), RT to 650 -C in 2 hr., 650 'C to 740 X in 13 hr., 740 "C to 850 "C in 
Ihr., 850 X to 900 X in 3 hr., 900 °C to 650 'C in 0.5 'C hr, and 650 X to 250«C 
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in 2 hr. Once the substrate cooled to a temperature of about 400 "C, the power was 
tuined off. The heating and cooling procedures woe perfonned in ambient atmoq>here. 
No apparent evqKuation or melting was observed. 

Once reacted, each of the 128 predefmed reaction regions in the L2 and 

5 L3 libraries was scieaied for giant magnetoresistant (GMR) materials. The resistivity of 
each sample as a function of magnetic field, perpendicular to Ae probing current, and 
temperature was measured usi^g the 4-probe contact method with a computo^ controlled 
multi-channd switdung system. A liquid helium cryogenic system with a 
superconducting 12 Tesla (T) magnet (manufactured by Janis Research Co., Inc., 

10 Willmington. MA) was used to perform variable temperature and field measurements. 

FIG. 23 shows a map of the libraries and the stoichiometry of each sample. In addition, 
the black, solid dreles in FIG. 23 indicates those samples which exhibited a significant 

GMR (>S%) effect 

From FIG. 23, it is apparent that a new family of GMR materials based on 

IS cobalt oxide has been discovered. The compounds in this new family of GMR cobalt 
oxi<tes have the following general structure: A^,.^.CoO„ wherdn A is a metal 
selected from the group conasdng of lanthanum (La), yttrium (Y), cerium (Ce), 
praseodymium (Pr), neodymium (Nd), promethium 0»m), samarium (Sm), europium 
(Eu), gadolinium (Gd), terbium (Tb), dysprosium (Dy), holmium (Ho), erbium (Er), 

20 thulium (Tm), ytterbium (Yp) and luteduro (Lu); M is a metal selected from the group 
consisting of calcium (Ca), strontium (Sr), barium (Ba), lead (Pb), thallium (Tl) and 
bismuth (Bi); y has a value ranging from about 1 to about 2; x has a value ranging from 
about 0.1 to about 0.9; and z has a value ranging from about 2 to about 4. The 
compounds in this new &mily of GMR cobalt oxides generally have a layered, 

25 perovsldte-related structure. 

In a presenfly preferred embodiment, tfie c<»npounds in tiiis new fomily of 
GMR cobalt oxides have die following general formula: A,.^CoO„ whernn A is a 
metal selected from die group consisting of landianum (La), yttrium (Y), cerium (Ce), 
praseodymium (Pr), neodymium (Nd), promethium (Pm), samarium (Sm), europium 

30 (Eu), gadolinium (Gd), terbium (Tb), dy^sium (Dy), bohnium (Ho), erbium (Er), 

thulium (Tm), ytterbium (Yp) and lutecium (Lu); M is a metal selected from the group 
consisting of calcium (Cii), strontium (Sr), barium (Ba), lead (Pb) and cadmiun (Cd); x 
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has a value ranging from about 0.1 to about 0.9, m re preferably^ 0.2 to 0.7 and, even 
more pieferably, 0.3 to 0.5; and z has a value ranging from about 2 to about 4. 

Moreover, from FIG. 23, it is apparent that some of these cobalt oxide 
compounds have the formula: Lai^M^CoOs, wherein M is a member selected from the 
S group consisting of Ca, Sr and Ba; x has a value ranging from about 0.1 to about 0.9; 
and z has a value ranging from about 2 to about 4. With respect to these particular 
cobalt oxide compounds, it was determined thai die preferred molar fraction, i.e., x, is 
about 0.2 to about 0.7 and, even more preferably, about 0.3 to about O.S. The 
normalized magnetoresistances of representative samples as a function of magnetic field 

10 at iixed temperature (60 ""K) are shown in FIGS. 24A and 24B. The temperature 

dependence of the resistance and normalized MR of a representative sample L3 (13, 2) 
under different fields are shown in FIGS. 25A and 25B. In contrast to the behavior of 
manganese (Mn) oxide magnetoresistant (MR) materials (Jin, S., et d.yAppL Phys. Lea. 
66:3S2 (1995)), it has been found that the MR effect increases as the size of the alkaline 

IS earth ion increases (see, FIGS. 24A and 24B). 

The MR effects of die samples in L2 are larger than those of L3, 
presumably due to differences in oxidation resulting from slightly different thermal 
treatmmts. The largest MR ratio measured in this library was 72%, obtained for sample 
L2 (15,2) at T-7K and H-IOT. This value is comparable to those measured for films 

20 generated in a similar frishion in a Mn based library. As with the manganese containing 
materials, opdmization of composition, stoichiometry, substrate and synthetic conditions 
may lead to increases in the MR ratio. The corresponding Y(Ba. Sr, Ca)Co compounds 
show, however, much smallo* (<5%) MR effects. 

Three bulk samples witii the stoichiometry Lao.ff7(Ba,Sr,Ca)oj3CoOs, 

25 wherein z has a value of about 2 to about 4, were then synthesized (sintered at 1400''C 
in air) for further structural study. X-ray diffraction patterns (FIGS. 26A-C) show that 
the crystal structure is basically cubic perovskite with lattice constant, a, equal to 3.846 
A, 3.836 A, and 3.810 A for the Ba, Sr, and Ca compounds, respectively. The nunor 
q^ilittings of the intensity peaks are attributed to rhombohedral distortion from the perfect 

30 cubic perovskite structure (see, Askham, F., et al.,J. Amer. Chem. Soc. 72:3799 
(1950)). 

In addition, a bulk sample of stoichiometry Lao ssSro^iCoO,, wherein z has 
a value of about 2 to about 4, was synthesized and its magnetization was measured with 
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a SQUID magnetometer (Quantum Design). The sample MR as a function of magnetic 
fidd and the sample magnedzadon under IT magnedc field as a function of temperature 
were measured and are shown in FIG. 27. A gradual ferromagnetic transition starts at - 
200 ""K and saturates below SO ""K. The MR ratio of this bulk sample (60%) is 
5 significantiy higher dian that of the corre^nding thin film sample L2 (30%). The X- 
ray analysis of this sample confirmed the cubic perovsldte structure with a = 3.82 A. 

E. Synthesis of A n Amv of 16 DifTerent Oivanic Polymers 

This example illustrates the possible synthesis of an array of 16 different 

10 organic polymers formed by the polymerization of styrene with acrylonitrile. A 3 cm x 
3 cm pyiex substrate having 16 predefined regions thereon is used in this example. Each 
of the predefined rc^ons is 3 mm x 3 mm x S mm and, thus, the volume of each 
predefined i^on is about 45 i^L. To ensure that the reactants in a given n^ion do not 
move to adjacent regions, 35 /iL reaction volumes will be used. 

IS A 2 M solution of the styrene monomer in toluene and a 2 M solution of 

acrylonitrile in toluene are used. The initiator used to initiate the polymerization reaction 
is benzoyl peroxide. A 70 mM solution of l>enzoyl peroxide in toluene is used. The 
initiator is present in each of the reactions at a 10 mM concentration. The styrme, 
acrylonitrile and benzoyl peroxide solutions are delivered to each of the 16 predefined 

20 regions on the substrate using an ink-jet dispenser having three nozzles. The first 

nozzles is connected to a reservoir containing the 2 M solution of styrene in toluene, the 
second nozzle is connected to a reservoir containing the 2 M solution of acrylonitrile in 
toluene, and the third nozzle is connected to a reservoir containing the 70 mM solution 
of benzoyl peroxide in toluene. The initiator is delivered to each of the 16 predefined 

25 regions only after the monomers have teen delivered. 

To genraate an array of 16 different polymers of styrene and acrylonitrile, 
the reactant amounts set forth in Table IV, infra, are ddivered to the 16 predefined 
regions on the substrate. Once the monomers have bera delivered to the 16 predefined 
regions on the substrate, 5 mL of the 70 mM initiator solution is added. The 

30 polymerization reaction is carried out at a temperature of about 60^C and at ambient 
pressure. The reactions are allowed to proceed until the terminator is used up. Upon 
completi n of the polymerization reaction, the organic solvent is removed by eva^ration 
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in vacuo (100 Toir). The resulting polymors can be screoied for hardness using, fox 
example, a naninndentor (shaip tip). 

TABLE IV. VARIOUS REACTANT COMPONENTS USED TO GENERATE AN 
5 ARRAY OP 16 DJPFERENT POLYMERS 



25 



B Reaction Region 


Amount of 2 M Solution 
of Styrene OtL) 


Amount of 2 M Solution 
of Aciylonitfile OxL) 


1 


30 


0 


2 


28.S 


1.5 


3 


27 


3 


4 


25.5 


4.5 


5 


24 


6 


6 


22.5 


7.5 


7 


21 


9 


8 


19.5 


10.5 


9 


18 


12 


10 


16.5 


13.5 


11 


15 


15 


12 


13.5 


16.5 




12 


18 


N 


10.5 


19.5 




9 


21 




7.5 


22.5 


F. SvHthesis of An Ai 


mn ofZeoBtes 



This example illustrates a possible method for the synthesis of an array of 



different zeolites. The leactants are delivered to a 9 cm x 9 cm Teflon substrate having 
16 predefined regions tharcon. The substrate is placed in a sealed container having a 
30 temperature of about 100 *C. Each of the 16 predefined regions on the substrate is a 1 
cm X 1 cm X 2 cm well. The leactants are delivered to the substrate using a automated 
pipette. 
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The five components used to generate the anay of zeolites aze as follows: 
Na^O^AlA^SHjO, KOH, Na2O2Si03«5HA NaOH and HA Th first four 
components are dissolved in water to concentrations of 2.22 M» 2.22 M, 8.88 M and 
11.1 respectively. In delivering the components to the predefined regions on the 
substrate, it is important that the Na20«2Si02«SH20 solution is added last. The five 
reactant components are ddivered to the predefined regions on the substrate in the 
amounts set forth in Table V, p0ia. 

Once the foregoing components have been delivered to the S4>propriate 
predefined regions on the substrate and allowed to react, the array can be scanned for 
mioostructure uang a Raman Light Scattering System. Scanning of the array can begin 
2 to 3 hours after the components have been ddivered to the substrate and can continue 
for anywhere from 5 to 10 days. In this example. Zeolite A will initially be formed at 
reacdon region 1. With time, however. Zeolite A will be converted to Zeolite P. 
Zeolite X will be formed at reaction region 3. Sodalite will be formed at reaction region 
6. Zeolite L will be formed at reaction r^ion 12. In addition, other zeolites may be 
formed at other reacticm r^ions on the substrate. 
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TABLE V. VARIOUS REACTANT COMPONENTS USED TO GENERATE AN 
ARRAY OF ZEOLITES 



Reaction 
R^ion 


Amount of 
2.2 M 

OUlUUOI] \Jl 

NajO'AljOj 
•SHjO 0*L) 


Amount of 
8.88 M 

KOH OiL) 


Amount of 
2.2 M 
Solution of 
Na20«2SiOj 
•5H,0 OtL) 


Amount of 
11.1 M 
Solution of 
NaOH (mL) 


Amount of 
H2O 0»L) 


1 


100 


0 


100 


80 


480 


2 


100 


0 


100 


80 


1280 


3 


100 


0 


200 


40 


420 


4 


100 


0 


200 


40 


1220 


5 


100 


0 


100 


320 


240 


6 


100 


0 


100 


320 


1040 


7 


100 


0 


200 


280 


180 


8 


100 


0 


200 


280 


980 


9 


100 


200 


100 


80 


280 


10 


100 


2UU 


inn 


OV 


1080 


11 


100 


200 


200 


40 


220 


12 


100 


200 


200 


40 


1020 


13 


100 


200 


100 


320 


40 


14 


100 


200 


100 


320 


840 1 


15 


100 


200 


200 


280 


0 1 


16 


100 


200 


200 


280 


800 1 



G. Synthesis of A n Awwm nfCopp^ Pride Comnounds Usine Svnmne 
Pfpn^n Tethninues 

This exanqile illustrates the synthesis of an array of copper oxide 
compounds using spraying dqx>sition techniques. The reactants are (telivaed to a 
1.25 cm X 1.25 cm MgO substrate having 16 predefined regions thereon. The reactants 
are delivered in the form of thin-films using a sprayer in combination with physical 
masking techniques. The sprayer used in Ais example is a Sinitdc 8700-120MS 
ultrasonic sprayer. At a water flow rate of 0.26 GPM and a frequency of 120 KHz, this 
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q>iayer can generate a cone-line spraying pattern of 2 inches and a droplet diameter of 
18 microns. 

The four components used in this example to generate the array of 
inorganic materials are BiCNOj),, Cu(N03)3, Ca(N03)3 and SiCNOj),. These componaits 
were dissolved in water to concentrations of 0.8 M, 2 M, 2 M and 2 M, respectively. 
The pH of the Bi(NC^3 solution was about 0.9. In delivering the leactants to the 
predefined regions on the substrate, it is important to control the flow rate of the grayer 
as well as the temperature of the substrate so that the reactant droplets dry immediately 
upon contact with the substrate surface. The flow rate used was kept at about 0.26 
GPM, and the temperature of the substrate was maintained at about 210'' C. In addition, 
it is important to control the spraying time so that the amount, i.e., moles, of each 
reactant is approximately the same. The spraying time was such that each of the thin- 
layer films deposited on the surface of die substrate had a thickness of about 1 to 4 
microns. 

Using a binary masking strategy, the aqueous solutions of C^(NO^j, 
BiCNO,)}, CuCNO})} and Si(NO,)3 were delivered, in this order, to the substrate using the 
following steps. As mentioned, the MgO substrate had 16 predefined regions 1, 2, 3, 4, 
5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15 and 16. In a first masking step, regions 9, 10, 11, 
12, 13, 14, IS, and 16 were masked and an aqueous solution of CaCNO,), was delivered 
to the e)qx>sed regions in the form of a thin-film. Thereafter, in a second masking step, 
the mask was repositioned so that regions 3, 4, 7, 8, 11, 12, IS and 16 were masked, 
and an aqueous solution of BiCNOj), was delivered to the exposed regions in the form of 
a thin-film. In a third masking stq>, regions 5, 6, 7, 8, 13, 14, IS and 16 were masked, 
and an aqueous solution of Cu(N0^3 was delivered to the exposed re^gions in the form of 
a thin-film. Finally, in a fourth masking step, regions 2, 4, 6, 8, 10, 12, 14 and 16 
were masked, and an aqueous solution of Si(N03)3 was delivered to the exposed regions 
in the form of a thin-film. 

Once the components of interest were delivered to the appropriate 
predefined regions on the substrate, the substrate having the array of reactants thmon 
was oxidized at 300^ C to remove any nitrogen from the array. Thereafter, the substrate 
was flash heated at 880"" C for about 2 minutes and rs^idly qumched on a copper block. 
Thereafter, the array of materials was screened for superconducting material. 
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H. SvnAitds of An Arrm of 16 D^ffenint Zinc Saieaie Phosohon 

This example illustrates the possible synthesis of an array of 16 differmt 
zinc silicate phosphors. A 1 mm x 1 mm pyrex substrate having 16 predefined regions 
thereon is used in this example. Each of the predefined regions is 100 nm x 100 ^m x 
SOO iim and, thus, the volume of each predefined region is about 5,000 picoliters. To 
ensure the reactants in a given region do not move to adjacent regions, 3,000 picoliter 
reaction volumes will be used. 

The reactants will be delivered simultaneously to each r^ion on the 
substrate using an ink-jet dispenser having three nozzles. The first nozzle is connected to 
a reservoir containing a IM solution of ZnO in water. To generate an anay of 16 
different pho^hors, die reactant amounts set forth in Table VI, iiijhs, are ddivered to 
the 16 predefined regions on the substrate. The synthesis reaction is carried out under a 
nitrogen atmosphere for a period of 2 hn. at 1400*'C. Once formed, each of the 16 
predefined reaction regions is screened for electroluminescent materials or phosphors by 
radiating the sample with a specific excitation wavelength and recording the emission 
spectra with a Perkin-Elmer LSSO spectrofluorimeter. 
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TABLE VI, VARIOUS REACTANT COMPONENTS USED TO GENERATE AN 
ARRAY OF ZINC SlUCATE PHOSPHORS 



Reaction Region 


SiOi 


MnCO, 
(picoliters) 


ZnO 


1 


1500 


1425 


75 


2 


1500 


1350 


150 


3 


1500 


1275 


225 


4 


1500 


1200 


300 


5 


1500 


1125 


375 


6 


1500 


1050 


450 


7 


1500 


975 


525 


8 


1500 


900 


600 


9 




950 


50 


10 




900 


100 


11 


2000 


850 


150 


12 




800 


200 


13 


2000 


750 


250 


14 


2000 


700 


300 


15 


2000 


650 


350 


16 




600 


400 



10 



15 



20 



/. Synthesis of An Armv of Copper Oxid e Thin-FUm Malerials Usine 

Sputtenne Techniques In Combination With PhotoUthoemohv Maskine 
25 Techniques 

This example illustrates the possible synthesis and screening of an array of 
ooppex oxide materials. The reactants are deliveied to a 1.25 cm x 1.25 cm MgO 
substrate having 256 predefined r^ons thereon. One side of the MgO substrate has a 
30 rough side, while the other side is finely polished (1 micron diamond paste). An 

extremely clean and smooth suc£ice is needed for good adhesion of the q>uttered metal 
oxide layers. The reactants are delivered to the substrate in the fiorm of ttiin-films using 
a ^uttoing system in combination with pfaotolithograiriiy techniques, i.e., a patterned 
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lrix>toxesist serves as the physical mask. The pattern of the photoresist determines where 
sputtered material is deposited and where it will be lifted off. 

Starting with a dean, finely polished substrate, the first step is to spin on 
the photoresist. Shipley 1400-31 is used as the photoresist because it has good heat 
5 resistant characteristics, Le., it remains soluble after exposure to temperatures of about 
lOO^'C. The photoreast is dqxisited in two layers for a total thickness of 3 microns. 
The photoresist is implied to the substrate from a dropper bottle, and the substrate is spun 
at 600 rpm for 30 sec. Once the first photoresist layer is deposited, it is soft-baked at 
90'C for 15 min. Thereafter, the substrate is cooled, the second photoresist layer is 

10 deposited and then soft-baked at 90'*C for S min« The substrate is cooled and then 
immersed in cMcwobenzene for 10 min. Chlorobmzene modifies the surface of the 
resist, thereby removing the low-molecular-wdght resin. As such, after treatment with 
chloroboizene, the surface of the photoresist has a lower solubility in the developer than 
the underlying regions. In conjunction with back scattering of light at the photoresist- 

IS substrate interface and the differential photoresist development rates, an overhang is 
created in the photoresist. This creates a discontinuity of the photoresist layer and 
prevents encapsulation of the photoresist by thin metal layers. 

Once the photoresist has been dq)osited, the substrate is ready to be 
&q)0sed. A mask is selected based on the desired location of the first layer. The 

20 photoresist is exposed on a Canon Fine Pattern Projection Mask Aligner (FPA-141F). 

The first layer of a 256 library contains 128 sites, each of the sites being 100 microns x 
100 microns, with a SO microns distance between sites. After exposure, the photoresist 
is developed in a microposit developer for 45 seconds and then rinsed in water for 1 
min. 

25 The substrate is now ready for deposition of the first layer. 300 A of Bi(^ 

is sputtered onto the substrate. Normally, the sputtering temperature can exceed the 
limits of the photoresist. It is found, however, that witt) a low-power sputtering (ISO 
watts) gun and a target substrate distance of 10 cm, substrate heating has not been a 
problem, even for dq)osition periods lasting as long as 8 hours. A cooling block should 

30 be available in case the substrate temperature exceeded lOO^'C. 

The liftoff process is achieved by placing the substrate in an ultrasonic 
bath of acetone. The metal adheres at sites where the photoresist had been removed as a 
result of prior exposure and development, whereas the metal is lifted off where the resist 
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remained after patterning. The acetone readily dissolves the photoresist and, thus, the 
metal peels o£f. The subsequent component layers are deposited on the substrate in the 
same manna, except the next layer must be aligned to the first, and the sites at which 
the metal is to be deposited are changed. In this example, the next layer is CuO, then 
5 SrCO) and then CaO. 

Once the components of interest are delivered to the 256 predefined 
regions on the substrate, the substrate is placed in a furnace, and the components are 
subsequently reacted. Once reacted, each of the 256 predefined regions can be screened 
for resistance using, for example, a 4-point contact probe. 

10 

XL Conclusion: 

The present invention provides greatly improved methods and iq)paratus 
for the parallel deposition, synttiesis and screening of an array of materials on a single 
substrate. It is to be understood that the above description is intended to be illustrative 

15 and not restrictive. Many embodiments and variations of the invention will become 
apparent to those of skill in the art upon review of this disclosure. Merely by way of 
example a wide variety of process times, reaction temperatures and other reaction 
conditions may be utilized, as well as a different ordering of certain proces^ng steps. 
The scope of the invration should, therefore, be determined not with reference to the 

20 above descrq>tion, but instead should be detmnined with reference to the appended 
claims along with the fiiU scope of equivalmts to which such claims are entitled. 
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WffiAT JS CLABVIEP IS; 

!• A giant magnetoreastive (GMR) cobalt oxide compound, said 
GMR coball oxide compound having the formula: 

Ay.(i^My.,CoO, 

wherein: 

5 A is a metal selected from the group consisting of lanthanum (La), yttrium 

(Y), cerium (Ce), praseodymium (Pr), neodymium (Nd), 
promethium (Pm), samarium (Sm), europium (Eu), gadolinium 
(Gd), terbium (Tb), dysprosium (Dy), holmium (Ho), wbium (Er), 
thulium (Tm), ytterbium (Yp) and lutecium (Lu); 
10 M is a metal selected from the group consisting of calcium (Ca), strontium 

(Sr), barium (Ba), lead (Pb) and cadmiun (Cd); 

y has a value ranging from about 1 to about 2; 

X has a value ranging £rom about 0.1 to about 0.9; and 

z has a value ranging from about 2 to about 4. 

15 2. The GMR cobalt oxide compound of claim 1 wherein x has a 

value ranging from about 0.2 to about 0.7. 

3. The GMR cobalt oxide compound of claim 1 wherein x has a 
value ranging from about 0.3 to about 0.5. 

4. The GMR cobalt oxide compound of claim 1 wherein said 
compound has a layered, perovskite-related structure. 

5. A giant magnetoresisdve (GMR) cobalt oxide compound, said 
GMR cobalt oxide compound having the formula: 

5 Al^^CoO. 
wherein: 

A is a metal selected from the group consisting of lanthanum (La), yttrium 
(Y), cerium (Ce), praseodymium (Pr), neodymium (Nd), 
promethium (Pm), samarium (Sm), europium (Eu), gadolinium 
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(Gd), teibium (Tb), dysprosium (Dy), holmium (Ho), erbium (Er), 
thulium (Tm), ytterbium (Yp) and lutecium (Lu); 

M is a metal selected from the group consisting of calcium (Ca), strontium 
(Sr), barium (Ba), lead (Pb) and cadmiun (Cd); 

X has a value ranging from about 0.1 to about 0.9; and 

z has a value ranging from about 2 to about 4. 

6. The GMR cobalt oxide compound of claim 5 wherein x has a 
value ranging from about 0.2 to about 0.7. 

7. The GMR cobalt oxide compound of claim 5 wherein x has a 
value ranging from about 0.3 to about O.S. 

8. The GNfR cobalt oxide compound of claim 5 wherein said 
compound has a layered, perovskite-related structure. 

9* The GMR cobalt oxide compound of claim 5 wherein said 
compound has the formula: 

Lai.,M,CoO, 



wherein: 



M is a metal selected from the group consisting of barium, calcium and 
strontium; 

X has a value ranging from about 0.1 to about 0.9; and 
z has a value ranging from about 2 to about 4. 

10. The GMR cobalt oxide compound of claim 9 wherdn M is 



barium. 



11. The GMR cobalt oxide compound of daim 9 wherdn M is 



caldum. 



12. The GMR cobalt oxide compound of daim 9 whmin M is 



strontium. 
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13. A method of nuiking an anay of materials, said method 

compiiang: 

(a) ddivcring a first component of a first material and a first component of 
a second material to first and second regions on a substrate; 
5 (b) ddivering a second component of said first material and a second 

component of said second material to said first and second regions 
on said substrate; and 

(c) simultaneously reacting said components to form at least two 

materials. 

14. The method as ledted in claim 13 wherein said materials are 
covalent network solids. 

15. The method as recited in daim 13 wherein said materials are 

ionic solids. 

16. The method as recited in claim 13 wherein said materials are 

molecular scdids. 

17. The method as recited in claim 13 wherein said materials are 
inorganic matoials. 

18. The method as recited in claim 17 wherein said inorganic 
materials are intermetallic materials. 

19. The method as recited in daim 17 wherein said inorganic 
materials are metal alloys. 

20. The method as redted in daim 17 wherein said inorganic 
materials are ceramic materials. 

21. The method as redted in daim 13 wherrin said materials are 
organometallic materials. 
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22. The methcxi as recited in claim 13 wherein said materials are 
composite materials. 

23. The method as recited in claim 13 wherein said materials are non- 
biological organic polymers. 

24. The method as recited in claim 13 wherein said first component 
of said first material and said second component of said first material are simultaneously 
delivered to said first region. 

25. The method as recited in claim 13 wherein said first component 
of said first material and said first component of said second material are simultaneously 
delivered to said first region and said second region, respectively. 

26. The method as recited in claim 13 wherein said first component 
of said first nuiterial and said first component of said second material are the same, but 
are offered in different amounts. 

27. The method as recited in claim 13 wherein said second component 
of said first mat^ial and said second component of said second material are the same, 
but are offered in differmt amounts. 

28. The method as recited in claim 13 wherein said first component 
of said first material is delivered to said first region in a gradient of stoichiometrics. 

29. The method as recited in daim 13 wherein said first component 
of said first material and said first component of said second material are the same, but 
are offered to said first and second r^ions on said substrate in a gradient of 
stoichiometrics. 

30. The method as recited in claim 13 wherein the components of said 
materials are delivered to said first and second regions on said substrate from a pipette. 



05/11/2004, EAST Version: 1.4.1 



wo 96/1 1878 PCTAJS95/13278 

82 

31. The method as recited in claim 13 wherein the components of said 
materials are delivered to said first and second regions on said substrate from an ink-jet 
dispenser. 

32. The method as recited in claim 31 wherein said ink-Jet dispenser 
is selected from the group consisting of a pulse pressure ink-jet dispense*, a bubble jet 
ink-jet dispenser and a slit jet ink-jet dispenser. 

33. The method as recited in claim 13 wherein said steps of 
delivering said components each comprises the following steps: 

(i) identifying a reference point on said substrate; 

(ii) moving a dispenser of said component a fixed distance and 
direction from said reference point such that said dispenser is 
positioned approximately above said first region on said substrate; 

0ii) delivering said component to said first region; and 
Ov) repeating steps (ii) and (iii) for each remaining component for each 
remaining region. 

34. The method as recited in daim 13 wherein said step of delivering 
said first component of said first material to said first region on said substrate comprises 
the stq>s of: 

(i) placing a mask adjacent to said substrate, said mask permitting said 
first component of said first material to be delivered to said first 
region on said substrate, but not to said second region on said 
substrate; 

(n) delivering said first component of said first material to said first 
region on said substrate; and 

(iii) removing said mask. 

35. The method as recited in claim 13 wherein said stq> of delivering 
said first component of said first material to said first region on said substrate comprises 
the stq>s of: 
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(i) placing a mask adjacent to said substxate, said mask permitting said 
5 first component of said first material to be delivered to said first 

region on said substrate, but not to said second region on said 
substrate; 

Oi) dq)Ositing a thin-film of said first component of said first material 
on said first region on said substrate; and 
10 (iii) removing said mask. 

36. The method as recited in claim 13 wherein said step of delivering 
said first component of said first material to said first region on said substrate comprises 
the steps of: 

(i) placing a mask adjacent to said substrate, said mask permitting said 
S first component of said first material to be delivered to said first 

region on said substrate, but not to said second region on said 
substrate; 

(ii) spraying said first component of said first material onto said first 
region on said substrate; and 

10 (iii) removing said mask. 

37. The method as redted in claim 13 wherein said step of delivering 
said first component of said first mat^al to said first region on said substrate comprises 
the steps of: 

(i) dqx>siting a photoresist on said substrate; 
5 00 selectively exposing said photoresist on said substrate; 

^) selectively removing said photoresist from said substrate to expose 
said first region; 

(iv) delivering said first component of said fint material to said first 
region on said substrate; and 
10 (v) removing rraiaining photoresist ftom said substrate. 

38. The method as redted in daim 13 wherein said step of ddivering 
said first component of said first material to said first region on said substrate comprises 
the stq)s of: 
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(ii) 
(iii) 

(iv) 



(i) 



ddivering said first component of said first material to first and 
second regi ns on said substrate; 
dq)ositing a photoresist on said substrate; 
sdecdvely exposing said photoresist on said substrate; 
selectively removing said photoresist from said second region on 



said substrate, thereby exposing said first component of said first 
mat^al; 

(v) etching off the exposed first component of said first material; and 

(vi) removing remaining photoresist from said substrate. 

39. The method as recited in claim 13 wherein each of said materials 



40* The method as recited in daim 13 wherein each of said materials 
is synthesized in an area of less than 10 cm^. 

41. The method as redted in claim 13 wherein each of said materials 
is synthesized in an area of less than S cm^. 

42. The method as recited in claim 13 wherein each of said materials 
is synthesized in an area of less than 1 cm^. 



44. The method as recited in claim 13 whmin each of said materials 
is synthesized in an area of less than 10,000 iim\ 

45. The method as recited in claim 13 wherein each of said materials 
is syntheazed in an area of less dian 1,000 M^l^ 

46. The method as recited in claim 13 wherdn each of said materials 
is synthesized in an area of less dian 100 fittf. 



is synthesized in an area of less than 25 ctv?. 



43. The method as recited 
is synthesized in an area of less than 1 mm^ 



in claim 13 wherein each of said materials 
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47. The method as recited in claim 13 wherein each of said materials 
is synthesized in an area of less than 1 iirr?. 

48. The method as recited in claim 13 wherein at least 10 different 
matmals are synthesized on said substrate. 

49. The nnethod as recited in claim 13 wherein at least 100 different 
materials are synthesized on said substrate. 

50. The ntethod as recited in claim 13 wherein at least 10^ different 
materials are synthesized on said substrate. 

51. The method as recited in claim 13 wherein at least 10^ different 
mat^als are synthesized on said substrate. 

52. The method as recited in claim 13 wherein at least 100 different 
materials are synthesized, and each different material is contained within an area of about 
1 mm^ or less. 

53. The method as recited in claim 13 further comprising the step of 
screening said array of materials for a useful property. 

54. The method as recited in claim 53 wherein said useful property is 
an electrical property. 

55. The method as recited in claim 53 wherein said useful property is 
a thermal property. 

56. The method as recited in daim 53 wherein said useful proper^ is 
a mechanical property. 

57. The method as recited in daim 53 wherein said useful proporty is 
a morphological property. 
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58. The method as recited in claim S3 wherein said useful property is 
an optical property. 

59. The method as recited in claim 53 wherein said useful property is 
a nu^netic property. 

60. The method as recited in claim 53 wherein said useful property is 
a chemical property. 

61. The method as recited in claim 53 wherein said array of materials 
is screened in parallel. 

<S2. The method as recited in claim 53 whmin said array of materials 
is screened sequentially. 

63. An array of more than 10 different inorganic materials on a 
substrate at known locations thereon. 

64. The array as recited in claim 63 wherein more than 100 different 
inorganic materials on a substrate at known locations thereon. 

65. The array as recited in claim 63 wherein more than 10^ different 
inorganic matnials on a substrate at known locations thereon. 

66. The array as recited in claim 63 wherein more than 10^ different 
inorganic materials on a substrate at known locations thereon. 

67. The array as recited in claim 63 wherein said inorganic materials 
are intermetallic materials. 

68. The array as recited in claim 63 wherein said inorganic materials 

are metal alloys. 
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69. The airay as recited in claim 63 wherein said inorganic materials 
are ceramic mat^ials. 

70. The array as recited in claim 63 wherein said inorganic materials 
are inoiganic-oiganic composite matoials. 

71. A method of making at least two different arrays of materials, 
said method comprising: 

(a) delivering a first component of a first material to a first region on a 

first substrate and delivering said first component of said first 
material to a first region on a second substrate; 

(b) delivering a first component of a second material to a second region on 

said first substrate and delivering said first component of said 
second material to a second region on said second substrate; 

(c) delivering a second component of said first material to said first r^ion 

on said first substrate and ddiv^ng said second component of said 
first material to said first region on said second substrate; 

(d) delivering a second component of said second material to said second 

region on said first substrate and delivering said second component 
of said second material to said second region on said second 
substrate; and 

(e) reacting said components on said fu^st substrate under a first set of 

reaction conditions and said components on said second substrate 
under a second set of reaction conditions to form at least two 
different arrays of at least two materials. 

72. The method as recited in claim 71 wherein said materials are 
covalent network solids. 

73. The m^od as recited in claim 71 wherein said materials are 

ionic solids 
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74. The method as redted in claim 71 wherein said materials axe 

molecular solids. 

75. The method as recited in claim 71 wherein said materials are 
inorganic materials. 

76. The method as recited in claim 75 wherein said materials are 
intermetallic materials. 

77. The method as recited in claim 75 wherein said inorganic 
materials are mi^ alloys. 

78. The method as recited in claim 75 wherein said inorganic 
materials are ceramic materials. 

79. The method as recited in claim 71 wherein said materials are 
organometallic materials. 

80. The method as recited in claim 71 wherein said materials are 
composite materials. 

81. The method as redted in claim 71 wherein said materials are non- 
biological organic polymers. 

82. The method as redted in claim 71 wherein said first set of 
leactiTO conditions differs from said second set of reaction conditions in terms of the 
temperature at which the reactions are carried out 

83. The method as redted in claim 71 wherdn said first set of 
reaction conditions differs from said second set of reaction conditions in terms of the 
pressure at which the reactions are carried out. 
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84. The method as recited in claim 71 wherein said first set of 
reaction conditions differs from said second set of reaction conditions in terms of the 
reaction times at which the reactions are carried out. 



85* The method as recited in claim 71 wherein said first set of 
reaction conditions differs fiom said second set of reaction conditions in terms of the 
atmo^here in which the reactions are carried out. 

86. The method as recited in claim 71 wherein said first component 
of said first material and said first component of said second material are the same, but 
are ofTmd in different amounts. 



87. A material having a useful property prqiared by a process 
comprising the stqps of: 

(a) forming an array of different materials on a single substrate; 

(b) screening said array for a material having said useful property; and 

(c) making additional amounts of said material having said useful property. 

88. The material as recited in claim 87 wherein step (a) of said 
process further comprises the stq>s of: 

(i) delivering a first component of a first material and a first component of 

a second material to first and second regions on a substrate; 

(ii) delivering a second component of said first material and a second 

componmt of said second material to first and second regions on 
said substrate; and 

Oii) simultaneously reacting said components to form said array of at least 
two different materials. 



89. The material as recited in claim 88 wherein said first component 
of said first material and said first component of said second material are the same, but 
are offered in different concentrations. 
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90. The material as recited in claim 87 wherein said material is a 
covalrat network solid. 

91. The material as recited in claim 87 whmin said material is an 

ionic solids. 

92. The material as recited in claim 87 wherein said material is a 

molecular solid. 

93. The material as recited in claim 87 wherein said material is an 

inorganic material. 

94. The material as recited in claim 93 wherein said inorganic 
material is an intermetalUc material. 

95. The material as recited in claim 93 wherein said inorganic 
material is a metal alloy. 

96. The material as recited in claim 93 wherein said inorganic 
material is a ceramic material. 

97. The material as recited in claim 87 wherein said material is an 
organomelallic material. 

98. The material as recited in claim 87 wherein said material is a 
compo^te material. 

99. The material as recited in claim 87 wherein said material is a 
non-biological organic polymer. 

100. The material as recited in claim 87 wherein said material is a high 
temperature superconductor. 
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101. The material as recited in ckdm 87 wherein said material is a 
magnetoresistive material. 

102. The material as recited in claim 87 wherein said material is a 

zeolite. 

103* The material as recited in claim 87 wherein said mat^al is a 

phosphor. 

104. The material as recited in claim 87 wherein said material is a 
conducting polymer. 

105. The material as recited in claim 87 wherein said material is a 
ferro-electric material. 
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BOX D. OBSERVATIONS WHERE UNITY OF INVENTION WAS LACKING 
Thit ISA found muUple iavenlioni m foUowi: 

This application contains the foUowng invcantiona or groups of invcnijoiii which are not so linked as to forni a single 
inventive u>iicc|it under PCT Rule 13.1. to older for aU inventions to be examined, the appropriate additional 
examination fees must be paid. 

Group I» elaim(i) 1-12, drawn to a eobak oxide.. 

Group n. clatm(s) 13, 24-52, 63-66, 71, S2-S9, drawn to an amy and method of malung array defined by process 
steps. 

Group m, claim(s) 13-14, 71-72, 87, 90 , drawn to an array and method of nuking defined by covsknt solids. 
Group IV, claim(s> 13. 15, 71, 73, 87, 91, drawn to an amy and method of making defined by MMiic aoUds. 
Group V, c]aim(B) 13, 16, 71, 74, 87, 92, drawn to an amy and method of making defined by molecular solids. 
Group VI, claim(s) 13, 17-19, 63, 67-68. 7U 75-76, 87, 93-95, drawn to an amy and mahod of making defined by an 
amy and method of making defined by inorganic, meUl, tntermeUUic or alloy material. 

Group VU, cUim<s) 13, 17, 20,63, 69. 71. 75, 78, 87, 93, 96, drawn to an array and method of making defined by 
inorganic ceramic msteriah. 

Group Vm. elaim(s) 13. 21, 71, 79, 87, 97, drawn to an amy and method of making defined by organomccallic 
materials. 

Group DC, claim<s) 13, 22, 71, 80, 87, 98, dimwn to an array and method of making defined by composite material. 

Groi^ X, claim(s) 63, 70, drawn to an amy only defined as inorganic/organic composite. 

Group XI, claiitt(s) 13, 23. 71. 81. 87, 99, drawn lo an amy and method of making defined by non-biooiganic 

polymer. 

Croi^Xn. 6laim(a) 13. 53-54. drawn to a method of making and screening for useful electrical property . 
Group Xm, elaim(s) 13, 53, 55, drawn to a oMlhod of making and Bcrecaing for usefol thermal piopeaity . 
Group XIV. chum(s) 13, 53, 56, dimwn to a method of RuOdng and screening for useful mechanical property. 
Group XV, claim(s) 13, 53, 57. drawn to a method of making snd screening for useful morphofogical property . 
Group XVI, claim(s) 13, 53, 58. drawn to a method of making and screening for useful optical property. 
Group XVn, cUan(s) 13, 53, 59, drawn to a method of making and screening for useful magnetic property. 
Group XVm, claim(s) 13, 53, 60. drawn to a method of n^aking and screening for useful chemical property. 
Group XDC. claim(s) 13» 53, 61, dmwn to method of screening in parmllel. 
Group XX. ciaim(s) 13, 53, 61. drawn to method of screening sequentially. 

Group XXI, e]aim(s) 87, 100, drawn to a high ten9)ersturo supenxmducting material formed from an amy process. 

Group XXn, claim(s) 87. 101, drawn to a magnctoreaistive materia] formed firom an amy process. 

GroupXXm, claim(s) 87, 102. drawn to a zeolite material formed from an array proeeas. 

Group XXIV, cfaum(a) 87, 103, drawn to a phosphor formed fiom an amy process. 

Group XXV, cUim(t) 87, 104, drawn to a conductive polymer formed from an amy proceaa. 

Group XXVI, claim(a) 87, 105, drawn to a ferro-electric material. 



There aro four general concepts claimed as follows: 

Fait A - Group I, wherein the special technical featuro is oobak oxide; 

?ui B - Groins n-DC, and Xl-XX wherdn the special technical feature resides in the type of compound/eomposlto 
pnduoed; 

PM C - GftMip X, wherein the special technical featuro b a combination of two types of compounds/composites; 
Part D - Groups XXl-XXVI, wherein the special technical deaturo is defined by a property. 

The inveittions listed as Part A. B, C and D do not reUie to a single inventive concept under PCT Rule 13.1 because, 
th^ lack the aame or oorrespooding special technical feattucs for the following reasons: 

part A is dnwB to a ^lecific Inofganic eoinpotmd. eobak owde^ 
mixtim of oonqiounda. Thus theie is no coinmon special lechiikal featu^ 

Part B ia drawn to componda/eomposkce and method of making thereof defined by the type of compound produced, Le. 
toaio. Miante. molcular, covaleiit, etc, each of which has dUfcreat properties and c hs ra ctc r isti c s. Tims thero is no 
common speckl techmeal feature between this Part and Parts C and D. There ia alao do common ipecial technical 
feature between Groups IMX and Xl-XX for the aame reason. 

Ftot C is dmwn to a mixture/composito of an ofgamc and inorganic compound yMch would theref r hive no oommtm 
qmiil tocnicil feature with Plut B or D. 
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D is diBWD to compoundt/oon^KMitea and method of making IberDof defined by the picaenoo of ipeeific phyaical 
pfopeitiea, i.e. magnetic, electrical, optical, etc., which propefliea are not defined by a paitieular type of compound 
(i.e. ionic, orsaoic, metallic, etc.) For the tame reaioa, the dillemg phyiical propeitiea claimed do not relate 10 a 
oommon apecial technical feature bcoween Groupe XXI-XXVl. 
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